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Opioids are the most effective drugs for the treatment of severe pain, but they also
cause addiction and overdose deaths, which have led to a worldwide opioid crisis.
Therefore, the development of safer opioids is urgently needed. In this article, we
provide a critical overview of emerging opioid-based strategies aimed at effective
pain relief and improved side effect profiles. These approaches comprise biased
agonism, the targeting of (i) opioid receptors in peripheral inflamed tissue (by reducing
agonist access to the brain, the use of nanocarriers, or low pH-sensitive agonists); (i)
heteromers or multiple receptors (by monovalent, bivalent, and multifunctional ligands);
(i) receptor splice variants; and (iv) endogenous opioid peptides (by preventing their
degradation or enhancing their production by gene transfer). Substantial advancements
are underscored by pharmaceutical development of new opioids such as peripheral
K-receptor agonists, and by treatments augmenting the action of endogenous opioids,
which have entered clinical trials. Additionally, there are several promising novel opioids
comprehensively examined in preclinical studies, but also strategies such as biased
agonism, which might require careful rethinking.

Keywords: opioid receptor signaling, opioid side effects, addiction, pain, peripheral opioid analgesia, biased
agonists, heteromers, endogenous opioid peptides

INTRODUCTION

Opioids relieve pain, but also produce numerous side effects. All actions of opioids are mediated
by |-, 8-, and k-opioid receptors encoded by the three respective genes (Evans et al., 1992; Kieffer
et al,, 1992; Mestek et al., 1995; Simonin et al., 1995). Opioid receptors belong to the superfamily
of guanine nucleotide-binding protein (G protein)-coupled receptors (GPCRs) and their structures
have been solved at high-resolution by X-ray crystallography (Granier et al., 2012; Huang et al.,
2015; Che et al., 2018). Upon activation by an agonist, opioid receptors couple to pertussis toxin-
sensitive heterotrimeric Gi/o proteins, which dissociate into Gai/o and GPy subunits to interact
with various intracellular effector systems (Law et al., 2000; Waldhoer et al., 2004; Stein, 2016).
Gai/o inhibits adenylyl cyclases (AC), cyclic adenosine monophosphate (cAMP) formation, and
protein kinase A (PKA) activity, which leads to the blockade of a heat sensor transient receptor
potential cation channel subfamily V member 1 (TRPV1) (Vetter et al., 2006; Endres-Becker
et al., 2007). Gai/o-cAMP pathway also suppresses hyperpolarization-activated cyclic nucleotide-
gated (HCN) channels, acid-sensing ion channels (ASIC), and voltage-gated Na™ (Nay) channels
(Ingram and Williams, 1994; Gold and Levine, 1996; Cai et al., 2014). GBy blocks voltage-gated
Ca’* (Cay) channels and heat-sensing transient receptor potential cation channel subfamily M
member 3 (TRPM3), and activates various K+ channels such as G protein-coupled inwardly
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rectifying KT (GIRK or K;3) channels and adenosine
triphosphate-sensitive KT (Karp) channels (Law et al,
2000; Waldhoer et al., 2004; Cunha et al, 2010; Stein, 2016;
Dembla et al, 2017). Ultimately, these opioid-mediated
actions lead to the suppression of excitatory neurotransmitter
release (e.g., substance P, calcitonin gene-related peptide,
glutamate), hyperpolarization and an overall decrease in
neuronal excitability, which culminates in analgesia (Yaksh,
1997; Ocana et al., 2004; Stein, 2016; Yudin and Rohacs, 2018)
(Figure 1A). Additionally, analgesia can be mediated by opioid
receptors expressed in immune cells. Activation of leukocyte
opioid receptors leads to the secretion of endogenous opioid
peptides (B-endorphin, Met-enkephalin, and dynorphin A
1-17), which involves Gai/o-GBy-phospholipase C (PLC)-
inositol 1,4,5-trisphosphate receptor (IP3R)- intracellular Ca®*
pathway. The released opioid peptides subsequently activate
neuronal opioid receptors and alleviate pain (Celik et al., 2016)
(Figure 1B).

Opioid receptors also mediate numerous adverse effects that
limits opioid pain therapy. Activation of -receptors can lead to
respiratory depression, sedation, constipation, nausea, vomiting,
reward/euphoria, and dependence/withdrawal. Activation of
d-receptors can cause convulsions and may produce reward
or contribute to rewarding effects of other drugs of abuse.
Agonists of k-receptors exert aversion/dysphoria, sedation, and
diuresis (i.e., increased urine output). Each of these symptoms
represents a complex phenomenon with multiplex cellular and
molecular mechanisms (Kapusta, 1995; Li and van den Pol,
2008; Bruijnzeel, 2009; Koob and Volkow, 2010; Gendron
et al, 2016; Dripps et al, 2018). Importantly, these side
effects are brought about by G protein-mediated actions in
response to opioid receptor activation (Figure 2A). Opioid-
induced respiratory depression is mediated by Gpy-dependent
activation of GIRK channels, which results in inhibition of
neurons in the brainstem respiratory center (Montandon et al.,
2016). Sedation is a consequence of the suppression of neurons
in the hypothalamic arousal system, which depends on Gfy
actions on GIRK and Ca, channels (Li and van den Pol,
2008). Constipation results from Gfy-mediated activation of
GIRK channels and inhibition of Ca, channels leading to the
suppression of enteric neuronal activity, including acetylcholine
and substance P secretion blockade in the gastrointestinal tract
(Galligan and Akbarali, 2014). Indirect evidence suggests that
nausea and vomiting may involve Gai/o-mediated decrease of
the cAMP-PKA pathway activity, blockade of Ca, channels
and thus, inhibition of neurons in the vestibular apparatus
(Sesefia et al., 2014; Imam et al., 2017). Opioid-induced diuresis
results from the inhibition of arginine vasopressin secretion
in the hypothalamus, suggestive of G protein involvement,
although the exact signaling pathways have not been elucidated
(Kapusta, 1995). Chronic opioid use leads to GBy-cAMP-
PKA pathway activation resulting in enhanced activity of ion
channels (e.g., Nay channels) and receptors (e.g., dopamine and
N-methyl-D-aspartic acid receptors) and thereby, in increased
neuronal activity (Nestler and Aghajanian, 1997; Liu and Anand,
2001; Christie, 2008). Furthermore, prolonged activation of
opioid receptors results in GBy-dependent activation of protein

kinase C (PKC), Ca?*/calmodulin-dependent protein kinase
(CaMK) 1II, and extracellular signal-regulated kinases 1 and
2 of the mitogen-activated protein kinases (MAPKs). These
kinases as well as PKA can phosphorylate opioid receptors,
which results in their uncoupling from G protein-mediated
effects (Liu and Anand, 2001; Christie, 2008; Al-Hasani and
Bruchas, 2011). These events have been ascribed to alterations
in opioid receptor signaling underlying analgesic tolerance,
reward/euphoria, dependence/withdrawal, or aversion/dysphoria
(Nestler and Aghajanian, 1997; Law et al., 2000; Liu and
Anand, 2001; Waldhoer et al., 2004; Christie, 2008; Koob
and Volkow, 2010; Al-Hasani and Bruchas, 2011; Gendron
et al, 2016) (Figure 2A). Additionally, opioid receptors are
phosphorylated by GPCR kinases (GRKs), which is followed
by recruitment of B-arrestins (Figure 2B). This process occurs
after even brief agonist exposure and it terminates G protein
coupling and signaling to promote receptor desensitization
and internalization. Dephosphorylated opioid receptors can be
recycled to the plasma membrane, which reinstates signaling,
or can be targeted to lysosomes and degraded (Waldhoer et al.,
2004). B-arrestin-2 (also known as arrestin-3) might be involved
in morphine-induced analgesic tolerance, respiratory depression,
and constipation (Bohn et al., 2000; Raehal et al., 2005). It has
also been proposed to mediate k-receptor-induced aversion via
activation of p38 MAPK (Bruchas et al., 2006; Land et al., 2009;
Ehrich et al,, 2015). Nevertheless, the exact B-arrestin-2-regulated
signaling underlying opioid-induced side effects are yet unclear
(Figure 2B). The cellular mechanisms of 8-receptor-mediated
convulsions have not been identified, and do not seem to involve
Goo or p-arrestin-2 (Dripps et al., 2018).

Clearly, conventional opioids produce numerous side effects,
yet they are the strongest painkillers. As all other, non-opioid
pain medications also exert adverse actions, none of them
produces as powerful pain relief as opioids (Stein and Kopf, 2009;
Sondergaard and Gislason, 2017; Welsch et al., 2018). Therefore,
opioids will remain the main therapy for moderate and severe
pain, which makes efforts to improve their action profile highly
desirable and relevant. In the following sections, we present
several interesting strategies to achieve safer opioid analgesia, and
discuss limitations associated with these new approaches.

TARGETING OPIOID RECEPTORS IN
PAINFUL TISSUE

The Rationale

All three opioid receptors (1, 8, and k) are expressed in the central
nervous system (CNS), including spinal cord and brain, as well
as in peripheral sensory neurons (nociceptors). Peripheral opioid
receptors are synthetized in nociceptor cell bodies in trigeminal
and dorsal root ganglia (DRG), from where they are transported
and accumulate in nociceptor peripheral terminals innervating
peripheral tissue (skin, joints, viscera) (Figures 1B, 3A). The
concept of targeting peripheral opioid receptors comes from the
fact that they mediate effective analgesia, but are not involved in
fatal effects, in animal models and in humans (Kalso et al., 2002;
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FIGURE 1 | Mechanisms of opioid-induced analgesia. (A) Cellular effects mediated by neuronal opioid receptors (OR). Activation of OR by an opioid leads to the
dissociation of Gi/o proteins into Gai/o and GBy subunits (step 1). Gai/o inhibits AC, cAMP formation, and PKA activity, which blocks various ion channels, including
TRPV1, HCN, ASIC, and Na, channels (path 2). GBy blocks Ca, and TRPM3 channels (path 3), and activates GIRK and Karp channels (path 4). Ultimately, these
actions lead to the decrease in neuronal excitability, which culminates in analgesia. (B) Cellular effects mediated by OR in immune cells. Activation of leukocyte
Gi/o-coupled OR leads to the GBy-mediated activation of PLC and production of IPz, which activates IP3R in endoplasmic reticulum (ER) to release intracellular
Ca?™*, which results in the secretion of opioid peptides from immune cells. The released opioid peptides activate neuronal OR and decrease pain.
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Stein et al., 2003; Stein and Machelska, 2011; Sawynok and Liu,
2014). Indeed, the serious side effects arise from opioid actions
in the brain (Figure 3B). Respiratory depression results from
activation of p-receptors in the brainstem medulla (preBotzinger
complex) and pons (Kélliker-Fuse nucleus, parabrachial nuclei,
locus coeruleus), in cortical areas, thalamus, and amygdala, and
to a lesser extent in the periphery in the carotid body (Pattinson,
2008; Imam et al., 2017). Reward and dependence/withdrawal
mediated by |1-receptors, as well as aversion/dysphoria mediated
by k-receptors involve a widely distributed brain network,
including the mesolimbic pathway (ventral tegmental area,
nucleus accumbens), amygdala, cortex, hippocampus, and insula
(Bruijnzeel, 2009; Koob and Volkow, 2010). Sedation is caused
by - and k-receptor activation in the hypothalamic and locus
coeruleus neurons controlling arousal and sleep (Greco et al,
2008; Li and van den Pol, 2008; Chung et al., 2017). Convulsive
actions of 8-receptor agonists involve hippocampus and thalamo-
cortical circuits (Jutkiewicz et al., 2006). Constipation is mostly
mediated by p-receptors in peripheral sensory myenteric and
submucosal neurons in the gastrointestinal tract, but spinal and
supraspinal receptors may also be involved (Burks, 1990; Galligan
and Akbarali, 2014; Imam et al., 2017). Nausea and vomiting
are mostly mediated by p-receptors in the medulla, cortex,
and vestibular apparatus, and partially in the gastrointestinal
tract, possibly secondary to constipation (Porreca and Ossipov,
2009; Imam et al., 2017). Diuresis results from activation of
k-receptors in the hypothalamus with some actions in adrenal
glands (Kapusta, 1995). Thus, peripherally restricted opioids
should be devoid of the CNS side effects, and produce fewer
or less severe adverse actions having both CNS and peripheral
components such as constipation, nausea, vomiting (jL-opioids),
and diuresis (k-opioids). Some authors suggested that peripheral

p-receptors mediate morphine-induced analgesic tolerance and
paradoxical hyperalgesia, but not analgesia itself, using mice with
p-receptor deletion in TRPV1-expressing neurons (Corder et al.,
2017). This is in contrast to studies in mice with p-receptor
deletion in Nayl.8-expressing neurons, which showed that
peripheral L-receptors do not contribute to analgesic tolerance or
hyperalgesia induced by morphine or its metabolite (Weibel et al.,
2013; Roeckel et al., 2017). Further work will be required to find
out whether these contradictory findings are related to different
lL-receptor-expressing neuronal populations or unidentified
knockout strategy-related alterations. Nevertheless, in agreement
with the latter studies, experiments without genetic modifications
showed that development of tolerance at peripheral p-receptors
is reduced in inflamed tissue in animals and humans, due to the
continuous presence of immune cell-derived opioid peptides and
enhanced p-receptor recycling (Stein et al., 1996; Zollner et al.,
2008).

Additional advantage of peripheral opioid receptor targeting is
the inhibition of pain at its source, since many painful syndromes
originate in peripheral tissue and are usually associated with
inflammation (including surgery, arthritis, neuropathy, cancer,
and visceral disorders). Under such conditions, opioid receptor
synthesis, transport, and G protein coupling in peripheral sensory
neurons is increased, and disruption of the perineurial barrier
facilitates the access of opioids to receptors (Hassan et al,
1993; Antonijevic et al., 1995; Zollner et al., 2003; Hackel et al.,
2012; Mousa et al,, 2007, 2017). Moreover, damaged tissue
is infiltrated by immune cells containing opioid peptides and
expressing functional opioid receptors (Stein et al., 1990, 1993,
1996; Rittner et al.,, 2001; Labuz et al., 2009; Boué et al., 2014;
Celik et al., 2016). All these events lead to enhanced analgesic
efficacy of opioids at peripheral receptors. This has been shown
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FIGURE 2 | Mechanisms of opioid-induced side effects. (A) G protein-mediated side effects in response to activation of opioid receptors (OR). (1) Respiratory
depression: Gy-dependent activation of GIRK channels. (1 and 2) Sedation and constipation: GBy-dependent activation of GIRK channels (1) and inhibition of Cay
channels (2). (3) Nausea and vomiting: Gai/o-mediated inhibition of AC, decreased cAMP levels and PKA activity, and inhibition of Ca, channels; this is based on
indirect evidence (indicated by a question mark). (4 and 5) Analgesic tolerance, reward/euphoria, dependence/withdrawal, or aversion/dysphoria: GBy-mediated AC
activation, elevated cAMP levels, enhanced PKA activity, and activation of Na, channels (4). Phosphorylation of OR by various kinases (5), including PKA and
activated by Gpy PKC, CaMK II, and MAPK, which results in OR uncoupling form G protein-mediated effects. (B) p-arrestin-dependent actions. After even brief
activation by an opioid, OR are phosphorylated by GRK recruited by Gy, followed by B-arrestin binding to phosphorylated OR (1), which terminates G protein
coupling and signaling (2), and leads to OR internalization (3). Dephosphorylated OR can be recycled to the cell membrane (4) or directed to lysosomes and
degraded (5). B-arrestin-2 might also promote morphine-induced respiratory depression, constipation, analgesic tolerance, and k-receptor-mediated aversion, and
dampen morphine-induced reward. Some of these effects may involve MAPK activation (6), but mechanisms are unknown (indicated by question marks).
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following local application of small, systemically inactive doses
of opioids in animal models and in humans (Kalso et al., 2002;
Stein et al.,, 2003; Zeng et al., 2013; Stein, 2016). Importantly,
pharmacologic, genetic, and clinical studies have demonstrated
that peripheral opioid receptors mediate a large proportion of the
analgesic effects produced by systemically administered opioids
(Gavériaux-Ruft, 2013; Jagla et al., 2014; Stein and Jagla, 2014;
Stein, 2016).

Reducing Opioid Access to the CNS

The above described findings stimulated the development of
peripherally restricted opioid receptor agonists by limiting their
ability to cross the blood-brain barrier (BBB) (Figure 4A).
These strategies focused on k-opioids, supported by a recent
study (Snyder et al, 2018), and include agonist chemical
modifications (e.g., incorporation of quaternary structures
or amphiphilic molecules which contain hydrophilic and
hydrophobic components), and synthesis of peptide-based
compounds. However, these modifications often decreased
agonist affinity to receptors, which required the use of
relatively high doses and did not warrant complete BBB
impermeability (Barber and Gottschlich, 1997; Riviere, 2004;
Stein and Machelska, 2011). This also applies to peptides, as

in contrast to previous beliefs, peptides can cross the BBB
(Kastin and Pan, 2010). Nevertheless, two k-receptor agonists
gained pharmaceutical interests, asimadoline (initially termed
EMD 61753) and CR845 (formerly FE 202845) (Figure 4A and
Table 1). Asimadoline belongs to the amphiphilic molecules and
possesses somewhat puzzling action profile. In animal models of
hind paw inflammation or sciatic nerve injury, it alleviated pain
(Barber et al., 1994) or produced bi-phasic effects, with analgesia
at lower doses or shortly after injection, but paradoxically
increased pain at higher doses or at later time points (Machelska
et al,, 1999; Walker et al., 1999). As the analgesic actions were
mediated by peripheral k-receptors, the hyperalgesic effects were
either k-receptor-selective (Walker et al., 1999) or independent
of k- and N-methyl-D-aspartic acid receptors (Machelska et al.,
1999). Asimadoline was also hyperalgesic in experimental colonic
distension model in healthy human volunteers (Delgado-Aros
etal., 2003) and tended to enhance postoperative pain in patients
undergoing arthroscopic knee surgery (Machelska et al., 1999).
In contrast, in preclinical models of visceral inflammatory pain
(Gebhart et al., 2000), barostat-induced colonic distension in
patients with irritable bowel syndrome (IBS) (Delvaux et al.,
2004), and in phase 2b IBS trial (Mangel et al., 2008; Mangel
and Williams, 2010), asimadoline was reported to decrease
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FIGURE 3 | Representation of body structures involved in opioid-induced analgesia (A) and side effects (B).
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pain. It produced some side effects, which could be of CNS
(sedation, headache, dizziness) or both CNS and peripheral origin
(diuresis), albeit at higher than analgesic doses (Mangel and
Hicks, 2012). These results led to the conclusion that in contrast
to somatic pain, asimadoline may be efficacious in the visceral

pain, and it is now developed for management of diarrhea-
predominant IBS with moderate-to-severe pain (Mangel and
Hicks, 2012; Foxx-Orenstein, 2016).

CR845 is a tetrapeptide currently under development by Cara
Therapeutics (Stamford, CT, United States) for postoperative
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FIGURE 4 | Strategies for safer pain control — targeting opioid receptors. (A) Targeting opioid receptors (OR) in peripheral painful tissue by chemical modification of
agonists, which results in their decreased blood-brain barrier penetration (1), nanocarrier-based opioid delivery to inflamed tissue (2), or by low pH-dependent OR
activation (3). (B) Biased agonism: This approach aims at targeting OR-G protein signaling without activation of g-arrestins, which were considered to mediate
opioid-induced side effects, but not analgesia. This might need reconsideration, since G proteins not only mediate analgesia but also side effects (see also

Figure 2A). (C) Targeting heteromers. (D) Development of multifunctional ligands, which act as - and 8-opioid receptor agonists and NK1 receptor antagonists, or
- and NOP-receptor agonists. (E) Targeting truncated, 6TM domain jv-receptor variants. Question marks indicate that heteromer/multiple receptor selectivity of the
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and osteoarthritis pain. Its analgesic effects were reported in
animal models of pancreatitis, abdominal, inflammatory, and
neuropathic pain. Completed phase 2 clinical trials stated
that CR845 attenuated postoperative pain after laparoscopic
hysterectomy and in some patients after bunionectomy, and
it was well tolerated with repetitive dosing over 2 weeks
in patients with osteoarthritis of knee or hip. The side
effects were considered mild and, similar to asimadoline, they
included dizziness, headache, and diuresis. However, these data
were only presented in abstracts, press releases, and at the
ClinicalTrials.gov website (Albert-Vartanian et al., 2016), and
thus, independent, peer-reviewed studies will be essential to
verify these findings.

Nanocarrier-Based Approaches

A promising strategy to alter the pharmacokinetic profile and
improve therapeutic effects of drugs is the use of nanoparticles as
drug carriers. Nanoparticles are defined as molecules of 1-100 nm

in at least one dimension, and examples include liposomes,
micelles, and polymer-based particles. They have been widely
examined for tumor-directed delivery of chemotherapeutics to
reduce their off-target toxicity (Cheng et al, 2012). Similar
strategies have recently been used to deliver opioids to peripheral
inflamed tissue (Figure 4A). Liposomes conjugated with an
antibody to intercellular adhesion molecule-1 (anti-ICAM-1)
were employed to mimic the properties of immune cells (Hua
and Cabot, 2013). Indeed, it has earlier been shown that similar
to selectins and integrins a4 and B2 (Machelska et al., 1998,
2004), ICAM-1 expressed on vascular endothelium mediates
the migration of opioid peptide-containing immune cells to
peripheral inflamed tissue to locally alleviate pain (Machelska
et al., 2002). Accordingly, intravenously injected anti-ICAM-1-
conjugated liposomes loaded with p-receptor agonist loperamide
accumulated in inflamed tissue and alleviated mechanical
hypersensitivity via local opioid receptors in a rat model of
unilateral hind paw inflammation (Hua and Cabot, 2013). In
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TABLE 1 | Novel opioid treatments in clinical trials.

Category Name/Target Clinical conditions Effects Reference
Agonists with Asimadoline* Postoperative pain (knee surgery); randomized, - Tendency to hyperalgesia a
reduced CNS (peripheral k-receptors)  double-blind, placebo-controlled; oral - No serious side effects (data not shown)
access
Healthy volunteers (barostat-induced colonic - Hyperalgesia b
distension); randomized, double-blind, - Side effects comparable to placebo (dizziness,
placebo-controlled; oral nausea, headache)
IBS (barostat-induced colonic distension); - Analgesia [¢]
randomized, double-blind, placebo-controlled; oral - Side effects not reported
IBS; randomized, double-blind, placebo-controlled; - Analgesia in D-IBS d
oral - No drug-related side effects in analgesic doses*
CR845" Postoperative pain (hysterectomy, bunionectomy); - Analgesia e
(peripheral k-receptors)  oral, i.v. - Side effects: dizziness, headache, diuresis
Biased agonists  Oliceridine (TRV130) Healthy volunteers (cold pain test); randomized, - Analgesia (superior to morphine) f
(n-receptors) double-blind, placebo-controlled; i.v. - Side effects: vs. morphine, lesser nausea, similar
respiratory depression
Postoperative pain (bunionectomy); randomized, - Analgesia (superior to morphine) g
double-blind, placebo-controlled; i.v. - Side effects: constipation, nausea,
vomiting, dizziness similar to morphine
Postoperative pain (@bdominoplasty); randomized, - Analgesia (similar to morphine) h
double-blind, placebo-controlled; i.v. PCA - Side effects: lesser nausea and vomiting vs.
morphine
Nalfurafine (k-receptors) Approved for uremic pruritus in Japan, but not in Sedation in analgesic doses (not recommended for i
Europe pain treatment)
DENK inhibitors PL37, PL265 Postoperative pain (PL37), neuropathic and ocular ~ Data not available j, k
(enkephalin peptidases) pain (PL265)
Gene therapy HSV-PENK (enkephalin  Intractable cancer pain; not randomized, not - Analgesia vs. pre-injection
overexpression in DRG  blinded, not placebo-controlled; intradermal - Side effects: transient and mild injection site
neurons) erythema and pruritus, body temperature elevation
Intractable cancer pain; randomized, double-blind,  Data not available m
placebo-controlled; intradermal
Agonists with low  NKTR-181 Osteoarthritis and low back pain; randomized, Data not available n

rate CNS entry (i-receptors)

double-blind, placebo-controlled; oral

D-IBS, diarrhea-predominant irritable bowel syndrome; I.v., intravenous; PCA, patient-controlled analgesia. *Currently under development for D-IBS with moderate-to-
severe pain. Sedation, headache, dizziness, diuresis — in higher than D-IBS analgesic dose (Mangel et al., 2008; Mangel and Williams, 2010; Foxx-Orenstein, 2016).
#Currently under development for postoperative and osteoarthritis pain. Data in abstracts, press releases, ClinicalTrials.gov; No published peer-reviewed trials. ()
Machelska et al., 1999; (b) Delgado-Aros et al., 2003; (c) Delvaux et al., 2004; (d) Mangel et al., 2008; (e) Albert-Vartanian et al., 2016; (f) Soergel et al., 2014, (g)
Viscusi et al., 2016; (h) Singla et al., 2017, (i) Inui, 2012, (j) Roques et al., 2012; (k) http://www.pharmaleads.com; (|) Fink et al., 2011, (m) ClinicalTrials.gov NCT01291901;

(n) ClinicalTrials.gov NCT02367820 and NCT02362672.

the same model, analgesic effects were exerted by loperamide-
encapsulated liposomal gel applied topically on the inflamed paw
(Iwaszkiewicz and Hua, 2014). In both cases, anti-inflammatory
effects were also observed, and all actions of loperamide-loaded
liposomes were superior to either conventional loperamide or
loperamide gel, respectively. However, in the rat model of
polyarthritis, despite producing analgesia, loperamide liposomal
gel unexpectedly exacerbated arthritis (Table 2). As the opioid
receptor-selectivity has not been tested, the mechanisms of these
actions are currently unclear (Hua et al., 2017).

Another nanocarrier-based approach utilized hyperbranched,
dendritic polyglycerols (PG) to deliver morphine to peripheral

inflamed tissue. Morphine was covalently bound to PG via
cleavable ester linker sensitive to esterases and low pH (Gonzalez-
Rodriguez et al., 2017). The rationale was that due to its
high molecular weight and hydrophilicity, such PG-morphine
injected intravenously will not cross the BBB, but will selectively
extravasate from leaky blood vessels characteristic of inflamed
tissue. The local low pH and leukocyte esterases will then trigger
the release of morphine from PG-morphine to ameliorate pain
(Fleige et al., 2012; Nehoff et al, 2014). Indeed, in contrast
to morphine, intravenous PG-morphine exclusively produced
analgesia via peripheral opioid receptors in painful tissue without
sedation and constipation, in a rat model of unilateral hind
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TABLE 2 | Novel opioid treatments in preclinical models of pathological pain.

Category Name/Target Experimental conditions Effects Reference
Nanocarrier agonist  anti-ICAM-1 conjugated - CFA hind paw inflammation - Analgesia a, b
delivery liposomes loaded with - Paw pressure test - Decreased paw volume
loperamide (p-receptors in - lL.v. or gel on inflamed paw - Side effects not evaluated
peripheral inflamed tissue) - Blinding (+), R (+), SSE (-)
- CFA polyarthritis - Analgesia [¢]
- Paw pressure test - Exacerbated arthritis: higher paw volume,
- Gel oninflamed paws pannus, angiogenesis
- Blinding (+), R (+), SSE (-)
PG-morphine (j.-receptors - CFA hind paw inflammation - Analgesia d
in peripheral inflamed - Paw pressure test - No sedation, constipation; 2-fold higher than
tissue) - Into inflamed paw, i.v. analgesic doses
- Blinding (+), R (+), SSE (-)
pH-sensitive NFEPP (p.-receptors in - CFA hind paw inflammation - Analgesia e, f
receptor activation peripheral inflamed tissue) - Hind paw incision - No sedation, constipation, motor impairment,
- CClI neuropathy reward (CPP), respiratory depression (naive
- Paw pressure, von Frey, Hargreaves tests rats); 10-fold higher than analgesic doses
- Into inflamed paw, i.v., s.c.
- Blinding (+), R (-), SSE (+)
FF3 (u-receptors in - CFA hind paw inflammation - Analgesia g
peripheral inflamed tissue) - Hind paw incision - Sedation, constipation, motor impairment,
- CCl neuropathy reward (CPP), respiratory depression (naive
- Paw pressure, von Frey, Hargreaves tests rats); 2.5-10-fold higher than analgesic doses
- lLv, s.c.
- Blinding (+), R (—), SSE (+)
Heteromer bivalent ~ MMG22 p-agonist— - Lipopolysaccharide (LPS) systemic - Analgesia; p—mGIuRS selectivity not confirmed h, i
ligands mGluR5-antagonist inflammation - No analgesic tolerance, no respiratory
(putative p—mGIuR5) - CFA hind paw inflammation depression after spinal injection (LPS or naive
- Bone cancer mice); lower than analgesic doses
- SNI neuropathy
- Tail-flick, von Frey tests
- Supraspinal, spinal
- Blinding (—,+)*, R (=), SSE (—)
MCC22 p-agonist-CCR5- - Sickle disease - Analgesia; n.—CCR5 selectivity not tested j
antagonist (putative - von Frey test - No analgesic tolerance
n—CCRb5) - Intraperitoneal
- Blinding (), R (+), SSE (-)
Multifunctional TY027 (CNS p-, 8-, and - SNL neuropathy - Analgesia k
ligands (- and NK1 receptors) - Paw pressure, von Frey, Hargreaves tests - No constipation, reward (CPP), analgesic
3-agonists and NK1 - Supraspinal, spinal, i.v. tolerance, withdrawal (teeth chattering,
receptor - Blinding (only ferrets), R (only ferrets), SSE wet-dog shakes, diarrhea, weight loss) (naive
antagonists) (=) rats), vomiting (naive ferrets); up to 5-fold lower
than analgesic doses
RCCHM3, RCCHM®6 (CNS - CCl neuropathy - Analgesia
-, 8-, and NK1 receptors) - von Frey, cold plate tests - Side effects not evaluated
- Spinal
- Blinding (-), R (-), SSE (-)
w-Receptor splice IBNtxA (CNS 6TM - CFA hind paw inflammation - Analgesia m, n
variant agonists p-receptors) - Zymosan ankle inflammation - Less constipation, no reward (CPP),
- SNI neuropathy respiratory depression, withdrawal (jumping);
- von Frey test, facial grimacing; S.c. analgesic or 2.5-fold higher doses
- Blinding (—,+)*, R (+), SSE (—)
(Continued)
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TABLE 2 | Continued

Category Name/Target Experimental conditions Effects Reference
Gene therapy HSV-p-receptors - SNL neuropathy - Reduced basal von Frey sensitivity o
(overexpressed p-receptors - von Frey, Hargreaves tests - Enhanced morphine
in DRG neurons) - Into ipsilateral paw - and loperamide-analgesia
- Blinding (+), R (+), SSE (-) - Side effects not evaluated
Endomorphin-1 Analog 4 (ZH853) (CNS - CFA hind paw inflammation - Analgesia p,q

analog L-receptors) - Hind paw incision

- SNI neuropathy

- Paw pressure, von Frey, Hargreaves tests

- Oral, spinal, i.v., s.c.

Less analgesic tolerance, motor impairment,
reward (CPP, SA), respiratory depression (naive
mice or rats); 2-fold lower or analgesic doses

- Blinding (+), R (—,+)*, SSE (=)

CCl, chronic constriction injury; CFA, complete Freund’s adjuvant; l.v., intravenous; R, randomization; SA, self-administration; S.c., subcutaneous; SNI, spared nerve
injury; SNL, spinal nerve ligation; SSE, sample size estimation; TM, transmembrane domain. *Each sign refers to the corresponding reference (in the citation order).
Marked in bold are compounds currently the most comprehensively examined (pathological pain models, various side effects) and showing promising results. (a) Hua and
Cabot, 2013; (b) Iwaszkiewicz and Hua, 2014; (c) Hua et al., 2017; (d) Gonzalez-Rodriguez et al., 2017; (e) Spahn et al., 2017; (f) Rodriguez-Gaztelumendi et al., 2018;
(9) Spahn et al., 2018; (h) Akgdn et al., 2013; (i) Peterson et al., 2017; (j) Cataldo et al., 2018; (k) Largent-Milnes et al., 2013; (l) Starnowska et al., 2017; (m) Majumdar
etal., 2011, (n) Wieskopf et al., 2014, (o) Klein et al., 2018; (p) Zadina et al., 2016; (q) Feehan et al., 2017.

paw inflammation (Table 2). Consistent with these actions,
free morphine was only measured in inflamed paw tissue, but
not in the contralateral, non-inflamed paw tissue, blood, and
brain (Gonzalez-Rodriguez et al, 2017). Together, although
polyglycerols are biocompatible (Kainthan et al., 2006), the
organ toxicity and broader side effect profile, including abuse
potential and effects on respiration of PG-morphine need to
be investigated to strengthen the clinical applicability of this
strategy.

Painful Tissue-Specific Opioid Receptor

Activation

Recent studies explored the opioid receptor-ligand interactions
that are specific to pathological painful conditions such as
acidosis (pH 5-7 vs. 7.4 in non-inflamed tissue) (Spahn et al.,
2017). An agonist designed to fulfill such requirements could
freely distribute throughout the whole body, including the
brain, but would only activate opioid receptors in peripheral
inflamed tissue (Del Vecchio et al., 2017) (Figure 4A). This has
been achieved by lowering the dissociation constant (pKa) of
the p-receptor agonist fentanyl to the acidic pH. Accordingly,
fluorination of fentanyl (pKa 8.43) by computer simulations
resulted in a design of a novel compound NFEPP [(£)-N-
(3-fluoro-1-phenethylpiperidine-4-yl)-N-phenyl propionamide]
with a pKa 6.8, which can only be protonated, and thus
bind to receptors, at lower than physiological pH. Indeed,
in vitro experiments confirmed that NFEPP bound to and
activated pu-receptors only at acidic pH, whereas fentanyl was
active at both acidic and physiological pH. Importantly, unlike
fentanyl, intravenously applied NFEPP produced analgesia by
activation of opioid receptors exclusively in peripheral injured
tissue in rat models of unilateral hind paw inflammation or
surgical incision (Spahn et al., 2017), sciatic nerve injury-induced
neuropathy, and abdominal pain (Rodriguez-Gaztelumendi
et al.,, 2018). Furthermore, NFEPP did not induce respiratory
depression, sedation, motor impairment, reward (assessed by
conditioned place preference; CPP), and constipation, even at

doses 10-fold higher than the most effective analgesic doses
(Spahn et al,, 2017) (Table 2). As this compound will not be
an option for patients with CNS inflammation, it represents
a promising analgesic for pain conditions associated with
peripheral tissue damage, which needs to be demonstrated in
clinical trials.

Interestingly, another fentanyl derivative FF3 ((£)-N-[1-(2-
fluoro-2-phenylethyl)piperidine-4-yl]-N-phenyl propionamide)
with a higher than NFEPP’s pKa, 7.22 (but still lower than
that of fentanyl), produced injury-restricted analgesia in rat
models of inflammatory, surgical, neuropathic, and abdominal
pain, similarly to NFEPP. However, unlike NFEPP, FF3
induced side effects, including respiratory depression, sedation,
motor impairment, reward, and constipation, at 2.5-10-fold
higher than analgesic doses (Table 2). These results suggest
that a ligands pKa should be close to the pH of injured
tissue to obtain analgesia without side effects (Spahn et al,
2018).

BIASED AGONISM
Background

The concept of biased agonism (or functional selectivity) is
based on the ability of different ligands of the same receptor
to stabilize various receptor active states, which leads to the
activation of diverse signaling pathways - a biased agonist
preferentially activates one signaling pathway over another.
Some biased agonists of GPCRs, including opioid receptors,
might activate G protein-mediated pathway, whereas others
might involve B-arrestin-2. The role of B-arrestin-2 was first
examined in the p-receptor function using f-arrestin-2 knockout
mice. These studies used naive mice, without pathological
pain, and reported that morphine induced more efficacious
and prolonged analgesia in acute heat pain tests, absent
(in hot plate test) or delayed (in tail-flick test) analgesic
tolerance, and decreased constipation and respiratory depression

Frontiers in Pharmacology | www.frontiersin.org 9

November 2018 | Volume 9 | Article 1388


https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Machelska and Celik

New Opioids, Analgesia, Side Effects

in B-arrestin-2 knockout compared to wild-type mice (Bohn
et al, 1999, 2000, 2002; Raehal et al, 2005). Whereas
naloxone-precipitated morphine withdrawal was unchanged
(Bohn et al., 2000), morphine-induced hypothermia and reward
(CPP) were substantially enhanced in B-arrestin-2 knockout mice
(Bohn etal., 1999, 2003) (Figure 2B). Of note, analgesic tolerance
and naloxone-precipitated withdrawal following injection of
other L-receptor agonists such as fentanyl, oxycodone, and
methadone did not differ between B-arrestin-2 knockout and
wild-type mice (Raehal and Bohn, 2011). Intriguingly, opposite
effects were observed using GRK3 knockout mice, who showed
weaker acute analgesic tolerance to fentanyl, oxycodone, and
methadone, but not to morphine (Melief et al., 2010). Further
work of that group indicated that analgesic tolerance to fentanyl
involves GRK3/arrestin and c-Jun N-terminal kinase-2 belonging
to the MAPK family, whereas tolerance to morphine also
involves this kinase, but in GRK3/arrestin-independent manner
(Kuhar et al., 2015). It is unclear whether these contradictory
results relate to different actions mediated by GRK3 and
B-arrestin-2 in response to |L-receptor activation, or to other,
unknown alterations resulting from knockout strategies, which
cannot be excluded, since GRKs and B-arrestins interact with
many GPCRs, not only with opioid receptors (Reiter et al,
2012). Regardless of the discrepancies, these findings suggest
that GRK3 and B-arrestin-2 are not essential for side effects
exerted by p-agonists, and that p-arrestin-2 might actually be
required for dampening the reinforcement/abuse potential of
morphine. Nevertheless, the following efforts focused on design
of agonists without or with minimal B-arrestin-2 recruitment
properties, but with bias toward G protein-mediated signaling
(Figure 4B).

It is currently accepted that biased agonism occurs at
all three opioid receptors (Al-Hasani and Bruchas, 2011;
Siuda et al., 2017). There is in vitro evidence that §-receptors
can adopt distinct receptor conformations in response to
different agonists, and that agonist-dependent &-receptor
trafficking and different arrestin isoform recruitment may have
behavioral implications (Vicente-Sanchez and Pradhan, 2017).
However, no biased 3-receptor agonists with a potential
distinction between analgesic actions and undesirable
effects such as convulsions have been developed so far.
Therefore, the following sections focus on |- and k-opioid
receptors.

in-Receptor Biased Ligands

The first G protein-biased |L-receptor agonist was oliceridine
(formerly TRV130) (DeWire et al., 2013) and initially it was
classified as potent analgesic with reduced side effect profile
(Kingwell, 2015). However, closer analysis of the data and
subsequent studies appear less consistent. In mice, oliceridine
produced similarly effective analgesia in acute heat pain test,
but less constipation compared to morphine. Both agonists also
exerted comparable analgesia in a short-lasting (24 h) post-
operative pain model in rats. Respiratory function was not
affected by either opioid at the most effective analgesic doses,
but it was to a similar degree diminished by approximately 2.5-
fold (oliceridine) or 4-fold (morphine) higher doses in naive rats

(DeWire et al.,, 2013). Subsequent study in rodents confirmed
oliceridine-induced analgesia and lack of analgesic tolerance in
acute heat pain test, but also reported robust constipation and
abuse-related behavior in intracranial self-stimulation (ICSS)
assay (Altarifi et al, 2017) (Table 3). In healthy human
volunteers, compared to morphine, oliceridine exerted superior
analgesia in experimental cold pain test, less severe nausea, and
comparable degree, but shorter-lasting respiratory depression,
which paralleled the time-course of its analgesic effect (Soergel
et al., 2014). In phase 2 trial examining patients undergoing
bunionectomy, oliceridine produced greater post-operative pain
relief, but similar to morphine side effects characterized by
the percentage of patients experiencing constipation, nausea,
vomiting, and dizziness, as well as by the severity and
number of these events (Viscusi et al., 2016). The most
recent phase 2b study in patients undergoing abdominoplasty
reported comparable rescue analgesic use and reduction in
pain intensity, but significantly lower percentage of patients
experiencing nausea and vomiting following oliceridine vs.
morphine treatment. Whereas earlier clinical trials used fixed-
dose design, in that latest study opioids were delivered on
an as-needed basis via patient-controlled analgesia (Singla
et al, 2017) (Table 1). Together, as all so far performed
pre-clinical and clinical studies consistently showed analgesia
induced by oliceridine, its side effect profile appears more
variable across the studies with most reporting comparable
to morphine adverse actions. Additional limitation is the
abuse liability of oliceridine (Altarifi et al., 2017) and possibly
of other G protein-biased |L-receptor agonists (Bohn et al,
2003).

G protein-biased ligands with pu-receptor agonistic activity,
but also affinities to other opioid receptors were later described.
PZM21 was initially characterized as ju-receptor agonist with
k-receptor antagonistic activity, and no p-arrestin-2 recruitment.
It was reported to produce analgesia in acute heat pain test
and in short-lasting (30 min) hind paw inflammation in
mice, but no respiratory depression and rewarding (CPP)
properties, and less constipation than morphine. However,
the side effects were examined in equivalent or lower than
the most effective analgesic doses (Manglik et al., 2016).
Furthermore, in contrast to that report, a recent study re-
examining PZM21 found that it induced respiratory depression
similarly to morphine. Additionally, following repeated
administration, tolerance developed to PZM21-induced
analgesia but not to respiratory depression (Hill et al., 2018)
(Table 3).

Mitragynine pseudoindoxyl is a derivative of the natural
product mitragynine, which in vitro preferentially activated
G protein without P-arrestin-2 recruitment, and acted as
lL-receptor agonist as well as 8- and k-receptor antagonist.
In vivo it produced p-receptor-mediated analgesia in acute
heat pain test, delayed analgesic tolerance, lesser constipation,
naloxone-precipitated withdrawal and respiratory depression,
and no reward compared to morphine or aversion compared
to the k-receptor agonist U50,488H (CPP/conditioned place
aversion; CPA). The doses of mitragynine pseudoindoxyl used
to examine side effects were higher than EDsp, but still
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TABLE 3 | Novel opioids tested in animals without pathological pain.

Category Name/Receptor selectivity Experimental conditions* Effects* Reference
Biased ligands Oliceridine (TRV130) (i-agonist) - Tail-flick; S.c. - Analgesia a
- Blinding (), R (+), SSE () No analgesic tolerance
Robust constipation, reward (ICSS)
PZM21 (w-agonist; also - Tail-flick, hot plate Analgesia (not in tail-flick) b
Kk-antagonist in vitro) - Hind paw inflammation (30 min); S.c. Less constipation, no respiratory depression,
- Blinding (only hot plate), R (), reward (CPP)
SSE (-)
- Hot plate; S.c., i.p. Analgesia [¢]
- Blinding (+), R (+), SSE (+) Respiratory depression
Tolerance to analgesia, but not to respiratory
depression; side effects in analgesic or 2-fold
higher doses
Mitragynine pseudoindoxyl - Tail-flick Analgesia d
(i-agonist; also §-, - S.c., oral, supraspinal Less constipation, withdrawal (jumping),
k-antagonist in vitro) - Blinding (—), R (), SSE (-) respiratory depression, no reward, aversion
(CPP/CPA)
RB-64 (k-agonist) - Hot plate; S.c. Analgesia e
- Blinding (), R (—), SSE (—) No sedation, motor impairment,
aversion/anhedonia in ICSS
Robust aversion in CPA
Triazole 1.1 (x-agonist) - Tail-flick; S.c., i.p. Analgesia f
- Blinding (—), R (=), SSE (+) No sedation, aversion (ICSS)
Heteromer ligands CYM51010 (-8 heteromer - Tail-flick Analgesia (partially reversed by p—3-specific g
agonist) - S.c., i.p., spinal antibody)
- Blinding (), R (—), SSE (—) Less analgesic tolerance, diarrhea, body weight
loss; No change in jumping, teeth chattering,
tremor
MDAN-21 bivalent - Tail-flick Analgesia (u-3 selectivity not tested) h,i
p-agonist-3-antagonist - Lv,, supraspinal No analgesic tolerance, withdrawal (jumping),
(=8 heteromers) - Blinding (), R (—), SSE () reward (CPP)
NNTA (monovalent agonist of - Tail-flick Analgesia (u—k selectivity not tested) j
putative p—k heteromers) - L., supraspinal, spinal No analgesic tolerance, withdrawal (jumping),
- Blinding (), R (—), SSE () reward (CPP)
Strong aversion (CPA)
INTA (monovalent agonist of - Tail-flick Analgesia (u—k or 38—k selectivity not tested) k
putative p—k and/or 8-k - S.c., supraspinal, spinal No analgesic tolerance, aversion (CPA)
heteromers) - Blinding (), R (—), SSE () Strong reward (CPP)
Multifunctional AT-121 (- and NOP-agonist) - Rhesus monkeys Analgesia (i1~ and NOP-selective)
ligands - Naive and capsaicin No analgesic tolerance, scratching, reward (SA),
- Tail immersion respiratory depression, withdrawal (increased
- S.c. respiration, heart rate, arterial pressure); up to
- Blinding (+), R (—), SSE () 10-fold higher than analgesic doses
Ligands with low NKTR-181 (-agonist) - Hot plate Analgesia; receptor selectivity and action site not m
rate CNS entry - Writhing test tested
- Oral No reward (SA), mild muscle rigidity and motor

- Blinding, R (+; but not for SA and
rigidity), SSE (—)

impairment at the most effective analgesic doses

L.p., intraperitoneal; l.v., intravenous; R, randomization; SA, self-administration; S.c., subcutaneous, SSE, sample size estimation. * Experiments were performed in mice or
rats, unless otherwise stated. *Side effects were tested in analgesic or lower doses, unless otherwise stated. (a) Altarifi et al., 2017; (b) Manglik et al., 2016; (c) Hill et al.,
2018; (d) Varadi et al., 2016; (e) White et al., 2015; (f) Brust et al., 2016; (g) Gomes et al., 2013; (h) Daniels et al., 2005; (i) Lenard et al., 2007; (j) Yekkirala et al., 2011; (k)
Le Naour et al., 2014; () Ding et al., 2018; (m) Miyazaki et al., 2017.
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substantially lower than the most effective analgesic doses
(Table 3). Additionally, the relative contribution of its p-receptor
agonist/d- and k-receptor antagonist activity and G protein bias
to the improved side effect profile is unclear (Varadi et al,
2016).

A recent paper suggested that just the occurrence of biased
signaling might be insufficient, and the degree of bias or
bias factor (which quantitatively defines the preference for
one signaling pathway over another) closer predicts the opioid
therapeutic window (i.e., the separation of doses that produce
analgesia and doses that produce side effects). Thus, the
higher the G protein bias factor the better the therapeutic
window, as calculated for several ji-receptor agonists by
comparing respiratory depression and analgesia. Generally,
the authors found a correlation between the bias factor and
therapeutic window. Nevertheless, it is difficult to clearly
define the best bias factor, since it strongly depended and
substantially varied with the in vitro assays and conditions
(e.g., cell line, native tissue, mouse vs. human p-receptors,
signaling pathway type). Similarly, the therapeutic window varied
with the pain tests (tail-flick or hot plate) and respiratory
depression parameters (arterial oxygen saturation or breath
rate). For example, for the most G protein-biased compound
SR17018, the G protein bias factor varied from 40 to 102
and therapeutic window for respiratory depression vs. analgesia
ranged from 26 to 105 (Schmid et al., 2017); the bias factor
of 3 was calculated for oliceridine (DeWire et al, 2013).
Furthermore, the correlation between the bias factor and
therapeutic window in pathological pain models and for other
opioid side effects (constipation, reward, physical dependence) is
unknown.

k-Receptor Biased Ligands

Nalfurafine (previously TRK-820), first synthetized and
characterized in the late 1990s, is a k-receptor agonist with
particularly strong G protein bias at human k-receptors (bias
factor of 300 vs. 7 for rat k-receptors) (Schattauer et al., 2017).
It was initially described as efficacious analgesic and antipruritic
with favorable side effect profile; however, a recent study
demonstrated its aversive/anhedonic effects (in ICSS assay) in
rats (Lazenka et al., 2018). Furthermore, it produced severe
sedation at analgesic doses in humans, but lower doses decreased
pruritus without severe side effects. Nalfurafine is currently used
in Japan for the treatment of uremic pruritus in individuals
undergoing hemodialysis (Inui, 2012), but was not approved in
Europe, and it is not recommended for the treatment of pain
(Inui, 2012)" (Table 1).

RB-64 is a derivative of salvinorin A, an active
psychotropic ingredient of a plant Salvia divinorum, with
a G protein/B-arrestin-2 bias factor of 96 (vs. 3 for typical
k-agonist U69593) (White et al.,, 2015). It produced k-receptor-
selective analgesia in acute heat pain test, but did not induce
sedation, motor impairment, and aversion/anhedonia in ICSS
assay compared to U69593 and salvinorin A; however, it was

Uhttps://www.ema.europa.eu/documents/medicine- qa/withdrawal- marketing-
authorisation-application- winfuran-nalfurafine_en.pdf

aversive in the CPA paradigm (Table 3). Additionally, U69593
and salvinorin A produced similar analgesia, sedation, and
aversion in wild-type and P-arrestin-2 knockout mice, and
only motor impairment was slightly lesser in the latter. These
data suggest that analgesia and most side effects induced by
k-opioids are mediated by G protein-, but not by B-arrestin-
2-dependent signaling. Thus, although RB-64 did not recruit
B-arrestin-2 in vitro (White et al., 2015), it is unclear whether
the lack of B-arrestin-2 signaling indeed account for its effects
in vivo.

Another G protein-biased k-receptor agonist triazole 1.1
(with G protein/B-arrestin-2 bias factor of 28) produced
similar degree analgesia in acute heat pain test and an anti-
pruritic activity, but did not decrease dopamine release
in the striatum and did not possess sedative and aversive
properties (in ICSS test) compared to classic k-receptor
agonist U50,488H (Brust et al, 2016). Still, the fact that
triazole 1.1 was not tested in chronic pathological pain
models and the analgesic doses from acute pain tests
were used to examine side effects pose some limitations
(Table 3).

In summary, the idea to separate desirable and undesirable
opioid actions by biased agonists stimulated pain research in
the last decades. As analgesic effects of w- and K-receptor
biased agonists were examined in animals without pain or in
very short-lasting inflammation (30 min-24 h) (Table 3), it
will be essential to use animal models of pathological pain
to closer reflect clinical conditions. To broaden therapeutic
window, it is desirable to also use doses exceeding the most
effective analgesic doses for testing adverse actions, since fatal
effects result from overdosing, as in case of respiratory arrest.
The potential abuse liability of G protein-biased 1-receptor
agonists, as in case of oliceridine, even in the absence of other
side effects, must be seriously considered. Clearly, the addictive
properties of opioids have led to their misuse and abuse, which
resulted in the opioid crisis worldwide (Abdel-Hamid et al.,
2016; Novak et al., 2016; Volkow et al.,, 2018). Although bias
factor depends on experimental conditions and cannot be used
as an absolute predictor of the ligand action, the degree of bias
is often emphasized, but even very high bias factor does not
guarantee the absence of side effects, as in case of nalfurafine.
Moreover, it was not always clear whether in vivo actions of
biased agonists indeed resulted from G protein bias and the lack
of p-arrestin-2 engagement, or from a complex pharmacological
profile or yet unidentified pathways, as in case of mitragynine
pseudoindoxyl and RB-64. Considering these issues, including
uncertain mechanistic basis for action of biased agonists, it
needs to be acknowledged that opioid-mediated side effects do
involve G protein-dependent signaling (see Introduction and
Figure 2A).

HETEROMERS, BIVALENT AND
MULTIFUNCTIONAL LIGANDS

Heteromers are defined as complexes composed of at least
two functional receptor units (protomers) and having different
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biochemical properties than the individual units. Additional
criteria include the colocalization and physical interaction
of protomers, and the ability to alter heteromer action by
heteromer-specific reagents (Gomes et al., 2016). Heteromers
might thus potentially exhibit new pharmacology and represent
a novel therapeutic target (Figure 4C). In vitro studies in
heterologous cells indicated heteromerization between
opioid receptors to form p-3, p-k, and d-k heteromers,
as well as between opioid and other receptors to form
heteromers such as p-opioid-gastrin-releasing peptide receptor,
)L-opioid-metabotropic  glutamate receptor 5 (mGluR5),
W -opioid-chemokine receptor 5 (CCR5), p-opioid-neurokinin
1 (NKI1) receptor, p-opioid-cannabinoid 1, and 8-opioid-
cannabinoid 1 receptor. There is only scarce evidence that such
complexes exist in endogenous systems, and only j1—8 heteromers
appear to fulfill the criteria required for heteromerization in
native tissue (Gomes et al., 2016). For example, using pw-3
heteromer-specific antibody, this heteromer was detected
in cultured DRG neurons and in various pain-related brain
areas in mice (Gupta et al, 2010), although some authors
question the co-expression of |- and 3-receptors in DRG
neurons (Wang et al., 2018). Screening of a small molecule
library identified CYM51010 as the p-3 heteromer agonist.
This compound produced analgesia in acute heat pain test,
which was partially reversed by p-38 heteromer antibody.
Compared to morphine, CYM51010 induced lesser analgesic
tolerance and less severe diarrhea and body weight loss,
but did not improve other signs of naloxone-precipitated
withdrawal (jumping, teeth chattering, paw tremor, whole
body tremor) (Gomes et al, 2013) (Table 3). A bivalent
ligand comprising a jL-receptor agonist (oxymorphone-derived
ligand, oxymorphamine) linked to a &-receptor antagonist
(naltrindole) by a 21-atom spacer (MDAN-21) was designed
as a putative -3 heteromer ligand. This is based on earlier
studies reporting attenuation of morphine-induced side effects
by blocking 8-receptor function (Gendron et al., 2016). MDAN-
21 produced analgesia in the acute heat pain test, but did
not induce acute tolerance, naloxone-precipitated jumping,
and reward (in CPP assay) compared to morphine in mice;
nevertheless, the -3 heteromer-selectivity of MDAN-21
action was not shown (Daniels et al., 2005; Lenard et al., 2007)
(Table 3).

To target other putative heteromers, several compounds of
different chemistry have been generated. Examples of bivalent
ligands are MMG22 and MCC22, which exert agonistic action
at p-receptors and antagonistic activity at various receptors
mediating pain. The former was designed to target p-mGIuR5
heteromers, as it consists of p-agonist (oxymorphamine)
and mGluR5 antagonist (metoxy-2-methyl-6-(phenylethynyl)-
pyridine) connected by a 22-atom spacer. Compared to morphine
or the individual pharmacophores, MMG22 was more potent,
but similarly efficacious in mouse models of inflammatory, bone
cancer (Akgiin et al,, 2013), and neuropathic pain (Peterson
et al., 2017). However, as the latter study showed that MMG22
acted at p-receptors and mGluR5 as separate monomers rather
than heteromers (Peterson et al., 2017), and the examination
of side effects was very limited (Akgiin et al., 2013), a rigorous

evaluation of a broad adverse effect spectrum will be essential
to justify the utility of this compound. MCC22 comprises a
p-agonist (oxymorphamine) and CCR5 antagonist (TAK-220)
linked by a 22-atom spacer, and was designed to act at .—CCR5
heteromers. Compared to morphine, MCC22 ameliorated tactile
hypersensitivity with similar efficacy, but higher potency and of
longer duration, without inducing tolerance, in a mouse model
of sickle cell disease. The assessment of receptor specificity and
other than tolerance side effects awaits further research (Cataldo
etal., 2018) (Table 2).

Monovalent molecules N-naphthoyl-B-naltrexamine (NNTA)
and N-2'-indolylnaltrexamine (INTA) were developed to target
heteromers containing k-receptors, probably because Kk-receptor
activation does not induce reward. NNTA designed to act at
-k heteromers produced analgesia in acute heat pain test,
little tolerance, and no naloxone-precipitated jumping. It also
did not induce reward at half-maximal analgesic doses, but
exerted strong aversion at maximal analgesic doses (in CPP/CPA
paradigm), which is consistent with the pharmacology of mixed
k-receptor agonist/jL-receptor antagonist opioid class (Yekkirala
etal, 2011). INTA designed to target j)L—k and/or 8-k heteromers
did not induce acute analgesic tolerance in heat pain test,
and was not aversive, but produced robust reward (Le Naour
et al., 2014). It is still unclear whether NNTA and INTA exert
the respective heteromer-selective effects, and their aversive or
rewarding properties are clear drawbacks (Table 3).

Multifunctional ligands are designed to interact with two or
more receptors, but heteromers are not necessary their primary
target. The advantages of such multitarget, single compounds
over a co-administration of several, each receptor-selective
ligands, include easier pharmacokinetics and the lack of potential
drug-drug interactions. A known, clinically used example of such
compound is buprenorphine, which is a partial agonist at j1- and
nociceptin/orphanin FQ peptide (NOP) receptors, and a weak
antagonist at k- and 3-receptors. Buprenorphine is predominately
applied for the treatment of opioid dependency, as it exhibits
ceiling effect for respiratory depression, which diminishes the
likelihood of respiratory arrest, and has reduced abuse liability
(probably due to its partial p-receptor agonistic activity) and
diminished aversive properties (possibly due to its antagonistic
k-receptor activity). It appears that the majority of clinical trials
in cancer pain patients were observational, of poor quality, and
with a high risk of bias. Similarly, good quality, randomized
studies in neuropathic pain patients are needed. In randomized
trials of postoperative or osteoarthritis pain, buprenorphine
was concluded to produce fewer respiratory complications, but
equivalent analgesia to other opioids (Davis et al., 2018), although
the reason for the lack of ceiling analgesic effects in contrast
to respiratory depression is unclear, and other studies reported
high rate of drop-out due to nausea/vomiting (Fishman and Kim,
2018). Together, as buprenorphine is successfully used for opioid
maintenance therapy, the evidence for its analgesic superiority
over other opioids in clinical setting appears moderate and more
good quality comparative studies are needed (Davis et al., 2018).

Examples of new multifunctional ligands tested in preclinical
studies are peptides Tyr-D-Ala-Gly-Phe-Met-Pro-Leu-Trp-NH-
Bn(CF3)2 (TY027), RCCHM3, and RCCHMS6, which exert -
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and d-opioid receptor agonistic and NK1 receptor antagonistic
activity (Figure 4D). In a very comprehensive study, TY027
injected supraspinally, spinally, or intravenously reversed
neuropathy-induced heat and tactile hypersensitivity. In contrast
to morphine, TY027 did not produce analgesic tolerance,
reward (in CPP test), naloxone-precipitated withdrawal
(teeth chattering, wet-dog shakes, diarrhea, weight loss),
did not inhibit gastrointestinal transit (in mice or rats),
and did not cause retching/vomiting (in ferrets), although
the doses were up to 5-fold lower than the most effective
analgesic doses. Additionally, TY027 was shown to act as
opioid receptor agonist and NK1 receptor antagonist in vivo
(Largent-Milnes et al., 2013). RCCHM3 and RCCHM6 were
efficacious in ameliorating neuropathy-induced tactile and
cold hypersensitivity in mice, but the receptor selectivity
and side effects were not examined (Starnowska et al., 2017)
(Table 2).

Additionally, a bifunctional partial agonist at - and NOP
receptors, AT-121, has been recently developed. The rationale is
based on earlier studies reporting synergistic analgesic actions
of morphine and NOP receptor agonists, as well as reduced
dopamine release and attenuation of rewarding effects of
w-agonists by NOP receptor agonists (Toll et al, 2016). In
rhesus monkeys, subcutaneously injected AT-121 did not induce
scratching, but produced comparable to morphine analgesia,
which was reversed by opioid and NOP receptor antagonists in
an acute heat pain test. AT-121 also reversed capsaicin-induced
sensitivity measured by the same test. Unlike oxycodone, it
lacked reinforcing effects in self-administration paradigm, and
partially attenuated reinforcing action of oxycodone. Unlike
heroin, AT-121 at 10 times the analgesic doses did not
compromise respiratory and cardiovascular function (respiration
rate, minute volume, heart rate, mean arterial pressure).
These parameters were also unchanged after injection of
the antagonists, indicating a lack of antagonist-precipitated
withdrawal in AT-121-treated monkeys. Moreover, following
repeated administration (twice daily for 4 weeks), in contrast
to morphine, AT-121 did not produce analgesic tolerance in
the heat pain test (Ding et al., 2018) (Table 3). Although
understandably, the numbers of monkeys per group were low and
the chronic pain could not be examined, these conditions present
some limitations. Additionally, since NOP receptors are very
widely distributed throughout the nervous system and peripheral
tissues, other potential side effects produced by NOP receptor
agonists, including motor disturbance, memory impairment, and
gastrointestinal complications, need to be considered (Mogil and
Pasternak, 2001; Toll et al., 2016).

Together, of all opioid receptor heteromers described in
heterologous systems in vitro, the -8 heteromer might be
present and function in vivo. However, more research would be
needed to develop selective ligands, test them in pathological
pain models and in a broad range of side effect tests to
justify the targeting of -8 heteromer as improved pain
therapy. Of numerous ligands designed to simultaneously act at
various receptors, TY027 has been thoroughly examined, showed
analgesic efficacy in pathological pain and promising side effect
profile.

n-RECEPTOR SPLICE VARIANTS

Alternative splicing is a genetic regulation that takes place
during gene expression when particular exons (transcriptional
sequences) of a gene are either included or excluded from the
final mRNA, which may result in generation of multiple protein
isoforms (Black, 2003). Among opioid receptors, the alternative
splicing of p-receptor coding exons has been extensively
examined and the generation of multiple splice variants in mice,
rats, and humans has been revealed. In addition to classic
full-length, seven-transmembrane (7TM) domain L-receptor
variants, there are also exon 1-associated truncated 1TM domain
variants and exon 11-associated truncated 6TM domain variants.
Depending on the species, two to five 1'TM domain and 6TM
domain variants have been described (Pasternak and Pan, 2013).
Several of these variants have been detected in the mouse brain,
spinal cord, and DRG at the mRNA level (Pasternak and Pan,
2013; Wieskopf et al., 2014), and some of them were examined
by immunohistochemistry, but difficulties associated with the
specificity of antibodies preclude the convincing evidence on
their expression at the protein level (Pasternak and Pan, 2013).
It has been suggested that 1TM domain variants do not bind
ligands, but function as molecular chaperones that facilitate
expression of the 7TM domain -receptor and thereby enhance
morphine analgesia. In contrast, 6TM domain variants appear
to possess distinct pharmacology characterized by the use of
a compound iodobenzoylnaltrexamide (IBNtxA) (Figure 4E).
Radiolabeled IBNtxA-binding sites were detected in the brain
membrane homogenates in wild-type mice and mice lacking
7TM domain -, 3-, and k-opioid receptors, but were absent in
exon 11 knockout mice (Majumdar et al., 2011). Systemically
applied IBNtxA diminished spontaneous inflammatory pain and
mechanical hypersensitivity in inflammatory and neuropathic
pain models in wild-type mice, whereas the effects in the
latter two models were absent in exon 11-lacking mice
(Wieskopf et al., 2014). Compared to morphine, IBNtxA at
analgesic or higher doses exerted lesser constipation, and
did not produce respiratory depression, naloxone-precipitated
jumping, and CPP reward (Majumdar et al., 2011) (Table 2).
Experiments in p-receptor knockout mice reconstituted with
6TM domain variants confirmed their contribution to IBNtxA-
induced analgesia (in the acute heat pain test) (Lu et al., 2018). It
is still unclear what cellular mechanisms underlie analgesic effects
and improved side effect profile of 6TM domain variants, and
whether these variants are functional in humans. The complexity
of this system is additionally implied by animal studies describing
excitatory cellular actions of 6TM domain variants and enhanced
heat sensitivity following repetitive injections of IBNtxA in naive
mice (Convertino et al., 2015; Samoshkin et al., 2015).

TARGETING ENDOGENOUS OPIOID
PEPTIDES

Enkephalinase Inhibitors
Enhancing the activity of endogenous opioid peptides as
natural agonists of opioid receptors represents an intrinsic pain
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control. Opioid peptides, including B-endorphin, enkephalins
and dynorphins are expressed in neurons in pain-relevant
regions of the central or peripheral nervous system as well
as in immune cells accumulating in peripheral painful tissue
(Fields, 2004; Stein and Machelska, 2011). Hence, targeting
endogenous opioids at the site of their native expression may
diminish the risk of off-site, unphysiological actions. Electrical
stimulation of periventricular/periaqueductal gray matter and
thalamus, or activation of immune cells in peripheral inflamed
tissue (by surgery-related stress or local application of opioid
peptide-releasing agents) alleviates pathological pain involving
endogenous opioids in humans (Stein et al., 1993; Bittar
et al.,, 2005; Likar et al., 2007). Notably, immune cell-derived
opioid peptides exerted additive/synergistic analgesic action with
peripherally (intra-articularly) applied morphine in patients
with postoperative pain (Stein et al., 1996; Likar et al., 2004),
which may be related to the activation of leukocyte opioid
receptors (Celik et al, 2016). Nonetheless, opioid peptides
are rapidly enzymatically degraded, and the best characterized
enzymes are aminopeptidase N (APN; also known as CD13) and
neutral endopeptidase (NEP; also known as neprilysin, CD10,
or enkephalinase). Among opioid peptides, the predominant
substrates of APN and NEP are Met- and Leu-enkephalin, but
dynorphin A 1-17 can also be inactivated. Both enzymes are
functional in the CNS, peripheral nerves, and immune cells, and
their blockade prevented opioid peptide degradation (Bourgoin
et al., 1986; Le Guen et al., 2003; Schreiter et al., 2012). Since the
actions of both peptidases are complementary, their concomitant
blockade is most efficient, which led to the development of dual
APN and NEP inhibitors, now known as dual enkephalinase
(DENK) inhibitors (Figure 5A). Over the last four decades,
numerous DENK inhibitors have been synthetized and found
to alleviate inflammatory, neuropathic, abdominal, cancer, and
postoperative pain, when applied intravenously, orally, or into
inflamed tissue in animal models (Roques et al., 2012; Schreiter
et al., 2012). Compared to morphine, DENK inhibitors in
analgesic or higher doses produced no or less severe side effects,
including tolerance, naloxone-precipitated withdrawal, reward
(CPP, ICSS), respiratory depression, and constipation (Noble
and Roques, 2007). Within the last decade, DENK inhibitors
developed by Pharmaleads (Paris, France) for the treatment
of postoperative pain (PL37) or neuropathic and ocular pain
(PL265) entered clinical trials, but the data are not yet available
(Roques et al., 2012)* (Table 1).

Gene Therapy

Gene therapy (or gene transfer) is based on the introduction
of DNA or RNA encoding a protein of interest, and offers
a possibility of the protein long-term expression in native
tissue. For in vivo delivery of genes encoding enkephalin
precursor proenkephalin (PENK) or B-endorphin precursor
proopiomelanocortin (POMC), different vectors have been
used, including plasmids, non-replicating adenoviruses, adeno-
associated viruses, and herpes simplex virus (HSV), as well
as non-plasmid and non-viral DNA vectors (e.g., MIDGE;

Zhttp://www.pharmaleads.com/

minimalistic, immunologically defined gene expression vector).
There are numerous preclinical studies, in which these PENK-
or POMC-encoding vectors were applied intramuscularly, on
the spinal cord, intra-articularly, or into the skin/subcutaneous
tissue, which resulted in enhanced expression of the respective
peptides  (Met/Leu-enkephalin or PB-endorphin) in the
corresponding tissue. Consequently, these treatments led to
attenuation of mechanical and heat hypersensitivity in models
of inflammatory, neuropathic, or cancer pain, mediated by
spinal or peripheral opioid receptors; these analgesic effects were
rather modest, but in some cases persisted for several weeks
(Machelska et al., 2009; Simonato et al., 2013; Goss et al., 2014;
Hu et al.,, 2016; Klein et al., 2018). Since this strategy targets
peripheral and spinal cord tissue, the opioid side effects mostly
mediated in the brain are not anticipated, but this has not been
verified. Compared to non-viral vectors, viral vectors have higher
transfection efficacy, which is attributed to the natural ability of
viruses to infect and express their genes in host cells. However,
viral vectors can potentially cause toxicity and inflammation,
which depends on treatment conditions (e.g., dosing, route
of application), although based on so far available data, HSV
vectors inoculated into the skin are predicted to be safe (Wolfe
et al., 2009; Simonato et al., 2013; Goss et al., 2014). The first
phase 1 clinical trial testing this strategy employed HSV-based
vector encoding human PENK injected intradermally (into the
pain-corresponding dermatomes) in terminally ill patients with
intractable cancer pain. The treatment was well tolerated and
no serious adverse events were observed. Over the 4-month
follow-up, the treatment-emergent adverse effects (injection
site erythema and pruritus, and body temperature elevation)
were transient and judged of mild severity. The study was very
small (four or fewer patients per group), not blinded and not
placebo-controlled, but also reported a dose-related decrease of
pain (up to 4 weeks post-treatment) as the secondary outcome
(Fink et al., 2011). A phase 2, randomized, double-blind,
placebo-controlled, multicenter study testing HSV-encoding
PENK in patients with intractable malignant pain has been
completed, but the data are not yet released (ClinicaleTrials.gov
NCTO01291901) (Table 1). Based on the corresponding pre-
clinical studies it is anticipated that HSV-encoding PENK is
taken up by cutaneous terminals of peripheral sensory neurons
and axonally transported to their cell bodies in DRG, where
PENK is processed to enkephalins. The enkephalins can be
then transported toward peripheral and central DRG neuron
terminals, released and respectively activate peripheral and
spinal opioid receptors to provide analgesia (Antunes Bras et al.,
1998, 2001; Goss et al., 2001; Klein et al., 2018) (Figure 5B).
Similar strategy can also be used to enhance expression of opioid
receptors. For example, HSV-encoding p-receptors applied
to mouse hind paw elevated p-receptor-immunoreactivity in
epidermal skin fibers, DRG cells, and dorsal horn spinal cord,
alleviated basal mechanical hypersensitivity, and enhanced
analgesic effects of morphine and peripherally acting loperamide
injected systemically in a neuropathic pain model (Table 2).
Surprisingly and not clarified yet, combined treatment with
HSV-encoding p-receptors and HSV-encoding PENK was
ineffective (Klein et al., 2018).
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FIGURE 5 | Strategies for safer pain control — targeting endogenous opioid peptides. (A) Prevention of opioid peptide degradation. (1) Opioid peptides, including
enkephalins (ENK) are degraded by APN and NEP expressed on neurons (central and peripheral) and immune cells in inflamed tissue. (2) DENK inhibitors block APN
and NEP, and prevent ENK degradation to locally alleviate pain. (B) Gene transfer to enhance opioid peptide production in native tissue. As an example, HSV vector
encoding ENK precursor PENK injected into peripheral tissue is taken up by peripheral terminals of dorsal root ganglion (DRG) neurons and transported to their cell
bodies in DRG (1), where PENK is processed to ENK (2). ENK is then transported to peripheral and central DRG neuron terminals (3), released, and respectively

Dorsal root
ganglion

nerve

9
@ e "4)9

OTHER APPROACHES

Abuse-Deterrent Opioid Formulations
Currently clinically used opioids have been modified to obtain
abuse-deterrent formulations, and several of such substances
have been approved by the Food and Drug Administration
(Becker and Fiellin, 2017). The general aim was to make these
new formulations difficult to inhale or inject, and to get a high
from. This has been attempted by means of physical or chemical
barriers to hinder crushing, chewing, or solubilization of pills, as
in case of modifications of morphine (MorphaBond ER, Arymo
ER), oxycodone (OxyContin, RoxyBond, Xtampza ER), and
hydrocodone (Vantrela ER, Hyslinga ER). Alternatively, opioid
receptor agonists were combined with antagonists, as in case
of Embeda (morphine and naltrexone), Troxyca ER (oxycodone
and naltrexone), or Targiniq ER (oxycodone and naloxone)
(Becker and Fiellin, 2017; Salwan et al., 2018). However, these
strategies have not proved successful in preventing opioid abuse.
To overcome the obstacles associated with hindering the misuse
of these formulations they were taken at higher doses or replaced
with other opioids having a higher abuse liability such as heroin
or fentanyl (Cicero and Ellis, 2015; Becker and Fiellin, 2017;
Curfman et al., 2018; Salwan et al., 2018).

Agonists With Low Rate CNS Entry

Nektar Therapeutics (San Francisco, CA, United States) has
synthetized and been testing a compound NKTR-181, a
p-receptor agonist with a low rate influx across the BBB,
proposing that such substance should have lower abuse potential
compared to drugs with rapid CNS entry. The slow CNS entry

has been achieved by addition of a polyethylene glycol functional
group to morphine-like (morphinan) pharmacophore. NKTR-
181 produced analgesia in naive animals in acute heat pain test
and in acetic acid-induced writhing model, but the p-receptor-
selectivity and the action site (central, peripheral) have not
been examined. Its side effect profile was improved compared
to oxycodone, although at the most effective analgesic doses
NKTR-181 induced mild muscle rigidity and motor impairment.
Compared to cocaine and oxycodone, it did not produce reward
in self-administration paradigm (Miyazaki et al., 2017) (Table 3).
In healthy, non-physically dependent recreational opioid users,
single oral application of NKTR-181 (in doses used in ongoing
phase 3 trials) induced significantly lower drug liking effects
(indicative of lower abuse potential) and smaller changes in the
pupil diameter (indicative of less robust CNS actions) relative to
oxycodone. Still, the effects of the highest NKTR-181 dose used
were significantly higher vs. placebo (Webster et al., 2018). The
compound is considered to be resistant to physical or chemical
tampering, albeit the data were not shown (Miyazaki et al., 2017),
and the possibility of taking it at high doses to achieve high
CNS levels cannot be excluded, as in case of abuse-deterrent
opioids. The company sponsored completed phase 2 trial in
patients with osteoarthritis (NCT02367820) and phase 3 trial
in patients with chronic low back pain (NCT02362672; both at
ClinicalTrials.gov), but the peer reviewed data are not available
yet (Table 1).

Endomorphin Analogs

Endomorphin-1 and endomorphin-2 are additional endogenous
opioid peptides, although (in contrast to endorphins,
enkephalins, and dynorphins) their precursor has not been
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identified so far (Zadina et al., 1997). Both endomorphins
are highly selective at j-receptors and exerted analgesia with
reduced side effects relative to conventional opioids in some
preclinical studies. Due to their poor metabolic stability,
numerous endomorphin analogs with potentially improved
pharmacological properties have been developed (Gu et al., 2017).
Example is a recently characterized cyclized, D-amino acid-
containing endomorphin 1 peptide analog termed analog 4 or
ZH853 (Tyr-c-[D-Lys-Trp-Phe-Glu]-Gly-NH2). This compound
alleviated heat and mechanical hypersensitivity in models of
neuropathic, inflammatory, and postoperative pain following
spinal or intravenous injections. Relative to morphine, the
analog 4-induced analgesia was equally effective but longer-
lasting (Feehan et al., 2017). Moreover, in contrast to morphine,
analog 4 produced lesser analgesic tolerance, no motor
impairment, respiratory depression, and reward (in CPP and
self-administration paradigms), and did not induce spinal glia
activation (Zadina et al., 2016), although side effects were mostly
tested using similar or lower than analgesic doses (Feehan
et al., 2017) (Table 2). Whereas the results appear promising,
considering that the compound crosses the BBB and activates
L-receptors in the brain (Zadina et al., 2016), it will be important
to elucidate the mechanistic basis for its improved side effect
profile.

Allosteric Modulators

Allosteric modulators are ligands that bind the allosteric site
of the receptor (i.e., the site that does not bind orthosteric
ligands such as endogenous and standard exogenous ligands)
and can modulate (positively or negatively) the effect of the
orthosteric ligand without eliciting activity on its own. For
example, it is anticipated that positive allosteric modulators will
enhance the activity of endogenous opioid peptides, maintain
their temporal and spatial action, and potentially limit the off-
target adverse effects. Although several such compounds have
been characterized in vitro, their utility in vivo is yet to be
determined (Remesic et al., 2017).

CONCLUSION

Conventional opioids are the most effective painkillers, but
they also produce adverse affects. Additionally, their prolonged
use leads to addiction, which limits the effectiveness of pain
therapy and has resulted in a worldwide opioid epidemic
(Abdel-Hamid et al., 2016; Novak et al., 2016; Volkow et al.,
2018). Therefore, the search for opioids with improved side
effect profile and low abuse liability is undisputed. Several
novel treatments targeting peripheral k-receptors (asimadoline,
CR845), endogenous opioid peptides (DENK inhibitors, HSV-
PENK), and agonist with a low rate CNS entry (NKTR-181)
are under development and are tested in clinical trials, but
not all results are available yet (Table 1) and it remains to
be seen whether they enter clinical practice. The G protein-
biased agonism as a safer pain therapy needs to be verified,

since opioid-induced adverse actions are mediated by G proteins
(Figure 2A), and there are increasing numbers of studies that
report biased agonist-induced constipation, sedation, respiratory
depression, and addiction (Inui, 2012; Soergel et al., 2014; Altarifi
et al, 2017; Hill et al, 2018) (Tables 1, 3). Encouragingly,
there are several new opioids examined in preclinical studies,
which are comprehensively characterized in various pathological
pain models and methods assessing a wide spectrum of side
effects, and show promising results. They include an agonist
sensitive to low pH characteristic of painful tissue (NFEPP),
ligands targeting multiple receptors (TY027) or j-receptor splice
variants (IBNtxA), and endomorphin-1 analog (analog 4 or
ZH853) (Table 2). Nevertheless, several aspects are still open
such as mechanistic basis of analgesia and improved side effect
profile (IBNtxA, endomorphin-1 analog), the need for replication
of the initial findings (NFEPP, TY027), and examination of their
clinical efficacy. Although there are no preclinical assays that
ideally reflect pain in humans, the pathological pain models
involving tissue damage and lasting for days or weeks (Table 2)
closer resemble clinical conditions than the tests inducing pain
lasting for seconds in naive animals (Mogil, 2009) (Table 3).
Additionally, even though there is an increasing awareness of
the importance of the rigorous study design and performance,
including blinding, randomization, and sample size estimation
(Kilkenny et al., 2010; Berg, 2017), many animal studies still
do not adhere to these requirements (Tables2,3). It is thus
critical that all these aspects are considered when the clinical
translation of preclinical studies is judged. Finally, it is crucial to
recognize the multifactorial biopsychosocial etiology of chronic
pain and that it requires a multidisciplinary management
comprising not only pharmacologic, but also psychological, and
physiotherapeutic approaches (Scascighini et al., 2008; Stein and
Kopf, 2009). Pharmacologic treatment alone is insufficient and
will always carry a risk of unwanted behaviors, as seen by the
shifting trends in pain management and the addiction landscape
toward alternative opioid (e.g., loperamide) and non-opioid
(e.g., gabapentin, pregabalin), but also potentially dangerous
medications (Throckmorton et al., 2018).

AUTHOR CONTRIBUTIONS

HM wrote the manuscript. MOC prepared the figures. HM and
MOC approved the final version of the manuscript.

FUNDING

The authors were supported by the Deutsche Forschungsgemeins-
chaft (MA 2437/2-1, MA 2437/4-1), the Bundesministerium fiir
Bildung und Forschung (VIP 0272/03V0364), the Helmholtz
Virtual Institute “Multifunctional Biomaterials for Medicine,”
and by the Focus Areas “Nanoscale” and “DynAge” of the Freie
Universitdt and Charité Berlin.

Frontiers in Pharmacology | www.frontiersin.org

November 2018 | Volume 9 | Article 1388


https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Machelska and Celik

New Opioids, Analgesia, Side Effects

REFERENCES

Abdel-Hamid, I. A., Andersson, K. E., Waldinger, M. D., and Anis, T. H. (2016).
Tramadol abuse and sexual function. Sex. Med. Rev. 4, 235-246. doi: 10.1016/j.
sxmr.2015.10.014

Akgiin, E., Javed, M. L, Lunzer, M. M., Smeester, B. A., Beitz, A. J., and Portoghese,
P. S. (2013). Ligands that interact with putative MOR-mGIuR5 heteromer in
mice with inflammatory pain produce potent antinociception. Proc. Natl. Acad.
Sci. U.S.A. 110, 11595-11599. doi: 10.1073/pnas.1305461110

Albert-Vartanian, A., Boyd, M. R,, Hall, A. L., Morgado, S. J., Nguyen, E., Nguyen,
V. P, et al. (2016). Will peripherally restricted kappa-opioid receptor agonists
(pKORAs) relieve pain with less opioid adverse effects and abuse potential?
J. Clin. Pharm. Ther. 41, 371-382. doi: 10.1111/jcpt.12404

Al-Hasani, R., and Bruchas, M. R. (2011). Molecular mechanisms of opioid
receptor-dependent signaling and behavior. Anesthesiology 155, 1363-1381. doi:
10.1097/ALN.0b013e318238bba6

Altarifi, A. A,, David, B., Muchhala, K. H., Blough, B. E., Akbarali, H., and
Negus, S. S. (2017). Effects of acute and repeated treatment with the biased mu
opioid receptor agonist TRV130 (oliceridine) on measures of antinociception,
gastrointestinal function, and abuse liability in rodents. J. Psychopharmacol. 31,
730-739. doi: 10.1177/0269881116689257

Antonijevic, I, Mousa, S. A., Schifer, M., and Stein, C. (1995). Perineurial defect
and peripheral opioid analgesia in inflammation. J. Neurosci. 15, 165-172.
doi: 10.1523/JNEUROSCI.15-01-00165.1995

Antunes Bras, J., Becker, C., Bourgoin, S., Lombard, M., Cesselin, F., Hamon, M.,
et al. (2001). Met-enkephalin is preferentially transported into the peripheral
processes of primary afferent fibres in both control and HSVI-driven
proenkephalin a overexpressing rats. Neuroscience 103, 1073-1083. doi: 10.
1016/S0306-4522(01)00034-3

Antunes Bras, J. M., Epstein, A. L., Bourgoin, S., Hamon, M., Cesselin, F., and
Pohl, M. (1998). Herpes simplex virus 1-mediated transfer of preproenkephalin
A in rat dorsal root ganglia. J. Neurochem. 70, 1299-1303. doi: 10.1046/j.1471-
4159.1998.70031299.x

Barber, A., Bartoszyk, G. D., Bender, H. M., Gottschlich, R., Greiner, H. E.,
Harting, J., et al. (1994). A pharmacological profile of the novel, peripherally-
selective kappa-opioid receptor agonist, EMD 61753. Br. ]J. Pharmacol. 113,
1317-1327. doi: 10.1111/j.1476-5381.1994.tb17142.x

Barber, A., and Gottschlich, R. (1997). Novel developments with selective, non-
peptidic kappa-opioid receptor agonists. Expert Opin. Investig. Drugs 6, 1351-
1368. doi: 10.1517/13543784.6.10.1351

Becker, W. C., and Fiellin, D. A. (2017). Abuse-deterrent opioid formulations -
putting the potential benefits into perspective. N. Engl. ]. Med. 376, 2103-2105.
doi: 10.1056/NEJMp1701553

Berg, J. (2017). Measuring and managing bias. Science 357:849. doi: 10.1126/
science.aap7679

Bittar, R. G., Kar-Purkayastha, I., Owen, S. L., Bear, R. E., Green, A., Wang, S., et al.
(2005). Deep brain stimulation for pain relief: a meta-analysis. J. Clin. Neurosci.
12, 515-519. doi: 10.1016/j.jocn.2004.10.005

Black, D. L. (2003). Mechanisms of alternative pre-messenger RNA splicing. Annu.
Rev. Biochem. 72, 291-336. doi: 10.1146/annurev.biochem.72.121801.161720

Bohn, L. M., Gainetdinov, R. R, Lin, F. T., Lefkowitz, R. J., and Caron, M. G. (2000).
Mu-opioid receptor desensitization by beta-arrestin-2 determines morphine
tolerance but not dependence. Nature 408, 720-723. doi: 10.1038/35047086

Bohn, L. M., Gainetdinov, R. R,, Sotnikova, T. D., Medvedey, I. O., Lefkowitz, R. J.,
Dykstra, L. A, et al. (2003). Enhanced rewarding properties of morphine, but
not cocaine, in beta(arrestin)-2 knock-out mice. J. Neurosci. 23, 10265-10273.
doi: 10.1523/JNEUROSCI.23-32-10265.2003

Bohn, L. M., Lefkowitz, R. J., and Caron, M. G. (2002). Differential mechanisms
of morphine antinociceptive tolerance revealed in (beta)arrestin-2 knock-out
mice. J. Neurosci. 22, 10494-10500. doi: 10.1523/J]NEUROSCI.22-23-10494.
2002

Bohn, L. M., Lefkowitz, R. J., Gainetdinov, R. R., Peppel, K., Caron, M. G., and
Lin, F. T. (1999). Enhanced morphine analgesia in mice lacking beta-arrestin 2.
Science 286, 2495-2498. doi: 10.1126/science.286.5449.2495

Boué, J., Basso, L., Cenac, N., Blanpied, C., Rolli-Derkinderen, M., Neunlist, M.,
et al. (2014). Endogenous regulation of visceral pain via production of opioids
by colitogenic CD4(+) T cells in mice. Gastroenterology 146, 166-175. doi:
10.1053/j.gastro.2013.09.020

Bourgoin, S., Le Bars, D., Artaud, F., Clot, A. M., Bouboutou, R., Fournie-Zaluski,
M. C,, etal. (1986). Effects of kelatorphan and other peptidase inhibitors on the
in vitro and in vivo release of methionine-enkephalin-like material from the rat
spinal cord. J. Pharmacol. Exp. Ther. 238, 360-366.

Bruchas, M. R., Macey, T. A., Lowe, J. D., and Chavkin, C. (2006). Kappa opioid
receptor activation of p38 MAPK is GRK3- and arrestin dependent in neurons
and astrocytes. J. Biol. Chem. 281, 18081-18089. doi: 10.1074/jbc.M513640200

Bruijnzeel, A. W. (2009). Kappa-opioid receptor signaling and brain reward
function. Brain Res. Rev. 62, 127-146. doi: 10.1016/j.brainresrev.2009.09.008

Brust, T. F., Morgenweck, J., Kim, S. A., Rose, J. H., Locke, J. L., Schmid, C. L.,
et al. (2016). Biased agonists of the kappa opioid receptor suppress pain and
itch without causing sedation or dysphoria. Sci. Signal. 9:rall7.

Burks, T. F. (1990). Central nervous system regulation of gastrointestinal motility.
Ann. N. Y. Acad. Sci. 597, 36-42. doi: 10.1111/j.1749-6632.1990.tb16156.x

Cai, Q.,, Qiu, C. Y., Qiu, F,, Liu, T. T., Qu, Z. W, Liu, Y. M., et al. (2014). Morphine
inhibits acid-sensing ion channel currents in rat dorsal root ganglion neurons.
Brain Res. 1554, 12-20. doi: 10.1016/j.brainres.2014.01.042

Cataldo, G., Lunzer, M. M., Olson, J. K., Akgiin, E., Belcher, J. D., Vercellotti, G. M.,
et al. (2018). The bivalent ligand MCC22 potently attenuates nociception in a
murine model of sickle cell disease. Pain 159, 1382-1391. doi: 10.1097/j.pain.
0000000000001225

Celik, M. O, Labuz, D., Henning, K., Busch-Dienstfertig, M., Gaveriaux-Ruff, C.,
Kieffer, B. L., et al. (2016). Leukocyte opioid receptors mediate analgesia via
Ca(2+)-regulated release of opioid peptides. Brain Behav. Immun. 57, 227-242.
doi: 10.1016/j.bbi.2016.04.018

Che, T., Majumdar, S., Zaidi, S. A., Ondachi, P., McCorvy, J. D., Wang, S., et al.
(2018). Structure of the nanobody-stabilized active state of the kappa opioid
receptor. Cell 172, 55 e15-67.e15. doi: 10.1016/j.cell.2017.12.011

Cheng, Z., Al Zaki, A., Hui, J. Z., Muzykantov, V. R., and Tsourkas, A. (2012).
Multifunctional nanoparticles: cost versus benefit of adding targeting and
imaging capabilities. Science 338, 903-910. doi: 10.1126/science.1226338

Christie, M. J. (2008). Cellular neuroadaptations to chronic opioids: tolerance,
withdrawal and addiction. Br. J. Pharmacol. 154, 384-396. doi: 10.1038/bjp.
2008.100

Chung, S., Weber, F., Zhong, P., Tan, C. L., Nguyen, T. N., Beier, K. T., et al. (2017).
Identification of preoptic sleep neurons using retrograde labelling and gene
profiling. Nature 545, 477-481. doi: 10.1038/nature22350

Cicero, T. J., and Ellis, M. S. (2015). Abuse-deterrent formulations and the
prescription opioid abuse epidemic in the United States: lessons learned from
OxyContin. JAMA Psychiatry 72, 424-430. doi: 10.1001/jamapsychiatry.2014.
3043

Convertino, M., Samoshkin, A., Gauthier, J., Gold, M. S., Maixner, W., Dokholyan,
N. V., et al. (2015). p-Opioid receptor 6-transmembrane isoform: a potential
therapeutic target for new effective opioids. Prog. Neuropsychopharmacol. Biol.
Psychiatry 62, 61-67. doi: 10.1016/j.pnpbp.2014.11.009

Corder, G., Tawfik, V. L., Wang, D., Sypek, E. L, Low, S. A, Dickinson, J. R., et al.
(2017). Loss of p opioid receptor signaling in nociceptors, but not microglia,
abrogates morphine tolerance without disrupting analgesia. Nat. Med. 23,
164-173. doi: 10.1038/nm.4262

Cunha, T. M., Roman-Campos, D., Lotufo, C. M., Duarte, H. L., Souza, G. R., Verri,
W. A.Jr, etal. (2010). Morphine peripheral analgesia depends on activation of
the PI3Kgamma/AKT/nNOS/NO/KATP signaling pathway. Proc. Natl. Acad.
Sci. U.S.A. 107, 4442-4447. doi: 10.1073/pnas.0914733107

Curfman, G. D., Beletsky, L., and Sarpatwari, A. (2018). Benefits, limitations,
and value of abuse-deterrent opioids. JAMA Intern. Med. 178, 131-132. doi:
10.1001/jamainternmed.2017.7259

Daniels, D. J., Lenard, N. R, Etienne, C. L., Law, P. Y., Roerig, S. C., and Portoghese,
P. S. (2005). Opioid-induced tolerance and dependence in mice is modulated
by the distance between pharmacophores in a bivalent ligand series. Proc. Natl.
Acad. Sci. U.S.A. 102, 19208-19213. doi: 10.1073/pnas.0506627102

Davis, M. P., Pasternak, G., and Behm, B. (2018). Treating chronic pain: an
overview of clinical studies centered on the buprenorphine option. Drugs 78,
1211-1228. doi: 10.1007/s40265-018-0953-z

Del Vecchio, G., Spahn, V., and Stein, C. (2017). Novel opioid analgesics and
side effects. ACS Chem. Neurosci. 8, 1638-1640. doi: 10.1021/acschemneuro.
7b00195

Delgado-Aros, S., Chial, H. J., Camilleri, M., Szarka, L. A., Weber, F. T., Jacob, J.,
et al. (2003). Effects of a k-opioid agonist, asimadoline, on satiation and GI

Frontiers in Pharmacology | www.frontiersin.org

November 2018 | Volume 9 | Article 1388


https://doi.org/10.1016/j.sxmr.2015.10.014
https://doi.org/10.1016/j.sxmr.2015.10.014
https://doi.org/10.1073/pnas.1305461110
https://doi.org/10.1111/jcpt.12404
https://doi.org/10.1097/ALN.0b013e318238bba6
https://doi.org/10.1097/ALN.0b013e318238bba6
https://doi.org/10.1177/0269881116689257
https://doi.org/10.1523/JNEUROSCI.15-01-00165.1995
https://doi.org/10.1016/S0306-4522(01)00034-3
https://doi.org/10.1016/S0306-4522(01)00034-3
https://doi.org/10.1046/j.1471-4159.1998.70031299.x
https://doi.org/10.1046/j.1471-4159.1998.70031299.x
https://doi.org/10.1111/j.1476-5381.1994.tb17142.x
https://doi.org/10.1517/13543784.6.10.1351
https://doi.org/10.1056/NEJMp1701553
https://doi.org/10.1126/science.aap7679
https://doi.org/10.1126/science.aap7679
https://doi.org/10.1016/j.jocn.2004.10.005
https://doi.org/10.1146/annurev.biochem.72.121801.161720
https://doi.org/10.1038/35047086
https://doi.org/10.1523/JNEUROSCI.23-32-10265.2003
https://doi.org/10.1523/JNEUROSCI.22-23-10494.2002
https://doi.org/10.1523/JNEUROSCI.22-23-10494.2002
https://doi.org/10.1126/science.286.5449.2495
https://doi.org/10.1053/j.gastro.2013.09.020
https://doi.org/10.1053/j.gastro.2013.09.020
https://doi.org/10.1074/jbc.M513640200
https://doi.org/10.1016/j.brainresrev.2009.09.008
https://doi.org/10.1111/j.1749-6632.1990.tb16156.x
https://doi.org/10.1016/j.brainres.2014.01.042
https://doi.org/10.1097/j.pain.0000000000001225
https://doi.org/10.1097/j.pain.0000000000001225
https://doi.org/10.1016/j.bbi.2016.04.018
https://doi.org/10.1016/j.cell.2017.12.011
https://doi.org/10.1126/science.1226338
https://doi.org/10.1038/bjp.2008.100
https://doi.org/10.1038/bjp.2008.100
https://doi.org/10.1038/nature22350
https://doi.org/10.1001/jamapsychiatry.2014.3043
https://doi.org/10.1001/jamapsychiatry.2014.3043
https://doi.org/10.1016/j.pnpbp.2014.11.009
https://doi.org/10.1038/nm.4262
https://doi.org/10.1073/pnas.0914733107
https://doi.org/10.1001/jamainternmed.2017.7259
https://doi.org/10.1001/jamainternmed.2017.7259
https://doi.org/10.1073/pnas.0506627102
https://doi.org/10.1007/s40265-018-0953-z
https://doi.org/10.1021/acschemneuro.7b00195
https://doi.org/10.1021/acschemneuro.7b00195
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Machelska and Celik

New Opioids, Analgesia, Side Effects

motor and sensory function in humans. Am. J. Physiol. Gastrointest. Liver
Physiol. 284, G558-G566. doi: 10.1152/ajpgi.00360.2002

Delvaux, M., Beck, A., Jacob, J., Bouzamondo, H., Weber, F. T., and Frexinos, J.
(2004). Effect of asimadoline, a kappa opioid agonist, on pain induced
by colonic distension in patients with irritable bowel syndrome. Aliment.
Pharmacol. Ther. 20, 237-246. doi: 10.1111/j.1365-2036.2004.01922.x

Dembla, S., Behrendt, M., Mohr, F., Goecke, C., Sondermann, J., Schneider,
F. M., et al. (2017). Anti-nociceptive action of peripheral mu-opioid receptors
by G-beta-gamma protein-mediated inhibition of TRPM3 channels. eLife
6:€26280. doi: 10.7554/eLife.26280

DeWire, S. M., Yamashita, D. S., Rominger, D. H,, Liu, G., Cowan, C. L., Graczyk,
T. M, et al. (2013). A G protein-biased ligand at the p-opioid receptor is
potently analgesic with reduced gastrointestinal and respiratory dysfunction
compared with morphine. J. Pharmacol. Exp. Ther. 344, 708-717. doi: 10.1124/
jpet.112.201616

Ding, H., Kiguchi, N., Yasuda, D., Daga, P. R, Polgar, W. E., Lu, J. ], et al. (2018).
A bifunctional nociceptin and mu opioid receptor agonist is analgesic without
opioid side effects in nonhuman primates. Sci. Transl. Med. 10:eaar3483. doi:
10.1126/scitranslmed.aar3483

Dripps, I. J., Boyer, B. T., Neubig, R. R,, Rice, K. C., Traynor, J. R., and Jutkiewicz,
E. M. (2018). Role of signalling molecules in behaviours mediated by the 3
opioid receptor agonist SNC80. Br. . Pharmacol. 175, 891-901. doi: 10.1111/
bph.14131

Ehrich, J. M., Messinger, D. I, Knakal, C. R., Kuhar, J. R,, Schattauer, S. S., Bruchas,
M. R, et al. (2015). Kappa opioid receptor-induced aversion requires p38
MAPK activation in VTA dopamine neurons. J. Neurosci. 35, 12917-12931.
doi: 10.1523/JNEUROSCI.2444-15.2015

Endres-Becker, J., Heppenstall, P. A., Mousa, S. A., Labuz, D., Oksche, A,
Schifer, M., et al. (2007). Mu-opioid receptor activation modulates transient
receptor potential vanilloid 1 (TRPV1) currents in sensory neurons in a model
of inflammatory pain. Mol. Pharmacol. 71, 12-18. doi: 10.1124/mol.106.026740

Evans, C. J., Keith, D. E. Jr., Morrison, H., Magendzo, K., and Edwards, R. H.
(1992). Cloning of a delta opioid receptor by functional expression. Science 258,
1952-1955. doi: 10.1126/science.1335167

Feehan, A. K., Morgenweck, J., Zhang, X., Amgott-Kwan, A. T., and Zadina,
J. E. (2017). Novel endomorphin analogs are more potent and longer-lasting
analgesics in neuropathic, inflammatory, postoperative, and visceral pain
relative to morphine. J. Pain 18, 1526-1541. doi: 10.1016/j.jpain.2017.08.007

Fields, H. (2004). State-dependent opioid control of pain. Nat. Rev. Neurosci. 5,
565-575. doi: 10.1038/nrn1431

Fink, D. J., Wechuck, J., Mata, M., Glorioso, J. C., Goss, J., Krisky, D., et al.
(2011). Gene therapy for pain: results of a phase I clinical trial. Ann. Neurol.
70, 207-212. doi: 10.1002/ana.22446

Fishman, M. A., and Kim, P. S. (2018). Buprenorphine for chronic pain: a systemic
review. Curr. Pain Headache Rep. 22:83. doi: 10.1007/s11916-018-0732-2

Fleige, E., Quadir, M. A., and Haag, R. (2012). Stimuli-responsive polymeric
nanocarriers for the controlled transport of active compounds: concepts and
applications. Adv. Drug Deliv. Rev. 64, 866-884. doi: 10.1016/j.addr.2012.01.020

Foxx-Orenstein, A. E. (2016). New and emerging therapies for the treatment
of irritable bowel syndrome: an update for gastroenterologists. Therap. Adv.
Gastroenterol. 9, 354-375. doi: 10.1177/1756283X16633050

Galligan, J. J., and Akbarali, H. I. (2014). Molecular physiology of enteric opioid
receptors. Am. J. Gastroenterol. Suppl. 2, 17-21. doi: 10.1038/ajgsup.2014.5

Gavériaux-Ruff, C. (2013). Opiate-induced analgesia: contributions from mu, delta
and kappa opioid receptors mouse mutants. Curr. Pharm. Des. 19, 7373-7381.
doi: 10.2174/138161281942140105163727

Gebhart, G. F., Su, X,, Joshi, S., Ozaki, N., and Sengupta, J. N. (2000). Peripheral
opioid modulation of visceral pain. Ann. N. Y. Acad. Sci. 909, 41-50. doi:
10.1111/§.1749-6632.2000.tb06675.x

Gendron, L., Cahill, C. M., von Zastrow, M., Schiller, P. W., and Pineyro, G. (2016).
Molecular pharmacology of 3-opioid receptors. Pharmacol. Rev. 68, 631-700.
doi: 10.1124/pr.114.008979

Gold, M. S, and Levine, J. D. (1996). DAMGO inhibits prostaglandin E2-induced
potentiation of a TTX-resistant Na+ current in rat sensory neurons in vitro.
Neurosci. Lett. 212, 83-86. doi: 10.1016/0304-3940(96)12791-9

Gomes, L., Ayoub, M. A, Fujita, W., Jaeger, W. C,, Pfleger, K. D., and Devi, L. A.
(2016). G protein-coupled receptor heteromers. Annu. Rev. Pharmacol. Toxicol.
56, 403-425. doi: 10.1146/annurev-pharmtox-011613-135952

Gomes, I, Fujita, W., Gupta, A., Saldanha, S. A., Negri, A., Pinello, C. E., et al.
(2013). Identification of a -8 opioid receptor heteromer-biased agonist with
antinociceptive activity. Proc. Natl. Acad. Sci. U.S.A. 110, 12072-12077. doi:
10.1073/pnas.1222044110

Gonzalez-Rodriguez, S., Quadir, M. A., Gupta, S., Walker, K. A., Zhang, X,
Spahn, V., et al. (2017). Polyglycerol-opioid conjugate produces analgesia
devoid of side effects. eLife 6:e27081. doi: 10.7554/eLife.2708

Goss, J. R, Krisky, D., Wechuck, J., and Wolfe, D. (2014). Herpes simplex virus-
based nerve targeting gene therapy in pain management. J. Pain Res. 7, 71-79.
doi: 10.2147/JPR.S36619

Goss, J. R., Mata, M., Goins, W. F., Wu, H. H., Glorioso, J. C., and Fink, D. J.
(2001). Antinociceptive effect of a genomic herpes simplex virus-based vector
expressing human proenkephalin in rat dorsal root ganglion. Gene Ther. 8,
551-556. doi: 10.1038/sj.gt.3301430

Granier, S., Manglik, A., Kruse, A. C., Kobilka, T. S., Thian, F. S., Weis, W. I,
et al. (2012). Structure of the 8-opioid receptor bound to naltrindole. Nature
485, 400-404. doi: 10.1038/naturel1111

Greco, M. A, Fuller, P. M., Jhou, T. C., Martin-Schild, S., Zadina, J. E., Hu, Z.,
etal. (2008). Opioidergic projections to sleep-active neurons in the ventrolateral
preoptic nucleus. Brain Res. 1245, 96-107. doi: 10.1016/j.brainres.2008.09.043

Gu, Z. H., Wang, B., Kou, Z. Z., Bai, Y., Chen, T., Dong, Y. L., et al. (2017).
Endomorphins: promising endogenous opioid peptides for the development of
novel analgesics. Neurosignals 25, 98-116. doi: 10.1159/000484909

Gupta, A., Mulder, J., Gomes, ., Rozenfeld, R., Bushlin, I, Ong, E., et al. (2010).
Increased abundance of opioid receptor heteromers after chronic morphine
administration. Sci. Signal. 3:ra54. doi: 10.1126/scisignal.2000807

Hackel, D., Krug, S. M., Sauer, R. S., Mousa, S. A., Bocker, A., Pfliicke, D., et al.
(2012). Transient opening of the perineurial barrier for analgesic drug delivery.
Proc. Natl. Acad. Sci. U.S.A. 109, E2018-E2027. doi: 10.1073/pnas.1120800109

Hassan, A. H., Ableitner, A., Stein, C., and Herz, A. (1993). Inflammation of the
rat paw enhances axonal transport of opioid receptors in the sciatic nerve
and increases their density in the inflamed tissue. Neuroscience 55, 185-195.
doi: 10.1016/0306-4522(93)90465-R

Hill, R., Disney, A., Conibear, A., Sutcliffe, K., Dewey, W., Husbands, S., et al.
(2018). The novel p-opioid receptor agonist PZM21 depresses respiration and
induces tolerance to antinociception. Br. J. Pharmacol. 175, 2653-2661. doi:
10.1111/bph.14224

Hu, C,, Cai, Z,, Lu, Y., Cheng, X., Guo, Q., Wu, Z,, et al. (2016). Nonviral vector
plasmid DNA encoding human proenkephalin gene attenuates inflammatory
and neuropathic pain-related behaviors in mice. Neurosci. Lett. 634, 87-93.
doi: 10.1016/j.neulet.2016.09.040

Hua, S., and Cabot, P. J. (2013). Targeted nanoparticles that mimic immune cells
in pain control inducing analgesic and anti-inflammatory actions: a potential
novel treatment of acute and chronic pain condition. Pain Physician 16, E199-
E216.

Hua, S., Dias, T. H., Pepperall, D. G., and Yang, Y. (2017). Topical loperamide-
encapsulated liposomal gel increases the severity of inflammation and
accelerates disease progression in the adjuvant-induced model of experimental
rheumatoid arthritis. Front. Pharmacol. 8:503. doi: 10.3389/fphar.2017.
00503

Huang, W., Manglik, A., Venkatakrishnan, A. J., Laeremans, T., Feinberg, E. N,
Sanborn, A. L., et al. (2015). Structural insights into p-opioid receptor
activation. Nature 524, 315-321. doi: 10.1038/nature14886

Imam, M. Z., Kuo, A., Ghassabian, S., and Smith, M. T. (2017). Progress in
understanding mechanisms of opioid-induced gastrointestinal adverse effects
and respiratory depression. Neuropharmacology 131, 238-255. doi: 10.1016/j.
neuropharm.2017.12.032

Ingram, S. L., and Williams, J. T. (1994). Opioid inhibition of Ih via adenylyl
cyclase. Neuron 13, 179-186. doi: 10.1016/0896-6273(94)90468-5

Inui, S. (2012). Nalfurafine hydrochloride for the treatment of pruritus. Expert
Opin. Pharmacother. 13, 1507-1513. doi: 10.1517/14656566.2012.693164

Iwaszkiewicz, K. S., and Hua, S. (2014). Development of an effective topical
liposomal formulation for localized analgesia and anti-inflammatory actions in
the complete freund’s adjuvant rodent model of acute inflammatory pain. Pain
Physician 17, E719-E735.

Jagla, C., Martus, P., and Stein, C. (2014). Peripheral opioid receptor blockade
increases postoperative morphine demands-a randomized, double-blind,
placebo-controlled trial. Pain 155, 2056-2062. doi: 10.1016/j.pain.2014.07.011

Frontiers in Pharmacology | www.frontiersin.org

November 2018 | Volume 9 | Article 1388


https://doi.org/10.1152/ajpgi.00360.2002
https://doi.org/10.1111/j.1365-2036.2004.01922.x
https://doi.org/10.7554/eLife.26280
https://doi.org/10.1124/jpet.112.201616
https://doi.org/10.1124/jpet.112.201616
https://doi.org/10.1126/scitranslmed.aar3483
https://doi.org/10.1126/scitranslmed.aar3483
https://doi.org/10.1111/bph.14131
https://doi.org/10.1111/bph.14131
https://doi.org/10.1523/JNEUROSCI.2444-15.2015
https://doi.org/10.1124/mol.106.026740
https://doi.org/10.1126/science.1335167
https://doi.org/10.1016/j.jpain.2017.08.007
https://doi.org/10.1038/nrn1431
https://doi.org/10.1002/ana.22446
https://doi.org/10.1007/s11916-018-0732-2
https://doi.org/10.1016/j.addr.2012.01.020
https://doi.org/10.1177/1756283X16633050
https://doi.org/10.1038/ajgsup.2014.5
https://doi.org/10.2174/138161281942140105163727
https://doi.org/10.1111/j.1749-6632.2000.tb06675.x
https://doi.org/10.1111/j.1749-6632.2000.tb06675.x
https://doi.org/10.1124/pr.114.008979
https://doi.org/10.1016/0304-3940(96)12791-9
https://doi.org/10.1146/annurev-pharmtox-011613-135952
https://doi.org/10.1073/pnas.1222044110
https://doi.org/10.1073/pnas.1222044110
https://doi.org/10.7554/eLife.2708
https://doi.org/10.2147/JPR.S36619
https://doi.org/10.1038/sj.gt.3301430
https://doi.org/10.1038/nature11111
https://doi.org/10.1016/j.brainres.2008.09.043
https://doi.org/10.1159/000484909
https://doi.org/10.1126/scisignal.2000807
https://doi.org/10.1073/pnas.1120800109
https://doi.org/10.1016/0306-4522(93)90465-R
https://doi.org/10.1111/bph.14224
https://doi.org/10.1111/bph.14224
https://doi.org/10.1016/j.neulet.2016.09.040
https://doi.org/10.3389/fphar.2017.00503
https://doi.org/10.3389/fphar.2017.00503
https://doi.org/10.1038/nature14886
https://doi.org/10.1016/j.neuropharm.2017.12.032
https://doi.org/10.1016/j.neuropharm.2017.12.032
https://doi.org/10.1016/0896-6273(94)90468-5
https://doi.org/10.1517/14656566.2012.693164
https://doi.org/10.1016/j.pain.2014.07.011
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Machelska and Celik

New Opioids, Analgesia, Side Effects

Jutkiewicz, E. M., Baladi, M. G., Folk, J. E., Rice, K. C., and Woods, J. H. (2006).
The convulsive and electroencephalographic changes produced by nonpeptidic
delta-opioid agonists in rats: comparison with pentylenetetrazol. J. Pharmacol.
Exp. Ther. 317, 1337-1348. doi: 10.1124/jpet.105.095810

Kainthan, R. K., Janzen, J., Levin, E., Devine, D. V., and Brooks, D. E.
(2006). Biocompatibility testing of branched and linear polyglycidol.
Biomacromolecules 7, 703-709. doi: 10.1021/bm0504882

Kalso, E., Smith, L., McQuay, H. J., and Andrew Moore, R. (2002). No pain, no gain:
clinical excellence and scientific rigour-lessons learned from IA morphine. Pain
98, 269-275. doi: 10.1016/S0304-3959(02)00019-2

Kapusta, D. R. (1995). Opioid mechanisms controlling renal function. Clin. Exp.
Pharmacol. Physiol 22, 891-902. doi: 10.1111/j.1440-1681.1995.tb02324.x

Kastin, A. J., and Pan, W. (2010). Concepts for biologically active peptides. Curr.
Pharm. Des. 16, 3390-3400. doi: 10.2174/138161210793563491

Kieffer, B. L., Befort, K., Gaveriaux-Ruff, C., and Hirth, C. G. (1992). The
delta-opioid receptor: isolation of a cDNA by expression cloning and
pharmacological characterization. Proc. Natl. Acad. Sci. U.S.A. 89, 12048-
12052. doi: 10.1073/pnas.89.24.12048

Kilkenny, C., Browne, W. J., Cuthill, I. C., Emerson, M., and Altman, D. G. (2010).
Improving bioscience research reporting: the ARRIVE guidelines for reporting
animal research. PLoS Biol. 8:e1000412. doi: 10.1371/journal.pbio.1000412

Kingwell, K. (2015). Pioneering biased ligand offers efficacy with reduced on-target
toxicity. Nat. Rev. Drug Discov. 14, 809-810. doi: 10.1038/nrd4784

Klein, A. H., Mohammad, H. K., Ali, R., Peper, B., Wilson, S. P., Raja, S. N,,
et al. (2018). Overexpression of j-opioid receptors in peripheral afferents, but
not in combination with enkephalin, decreases neuropathic pain behavior and
enhances opioid analgesia in mouse. Anesthesiology 128, 967-983. doi: 10.1097/
ALN.0000000000002063

Koob, G. F., and Volkow, N. D. (2010). Neurocircuitry of addiction.
Neuropsychopharmacology 35, 217-238. doi: 10.1038/npp.2009.110

Kuhar, J. R,, Bedini, A., Melief, E. J., Chiu, Y. C,, Striegel, H. N., and Chavkin, C.
(2015). Mu opioid receptor stimulation activates c-Jun N-terminal kinase 2
by distinct arrestin-dependent and independent mechanisms. Cell. Signal. 27,
1799-1806. doi: 10.1016/j.cellsig.2015.05.019

Labuz, D., Schmidt, Y., Schreiter, A, Rittner, H. L., Mousa, S. A., and Machelska, H.
(2009). Immune cell-derived opioids protect against neuropathic pain in mice.
J. Clin. Invest. 119, 278-286. doi: 10.1172/JCI36246

Land, B. B., Bruchas, M. R,, Schattauer, S., Giardino, W. J., Aita, M., Messinger, D.,
etal. (2009). Activation of the kappa opioid receptor in the dorsal raphe nucleus
mediates the aversive effects of stress and reinstates drug seeking. Proc. Natl.
Acad. Sci. U.S.A. 106, 19168-19173. doi: 10.1073/pnas.0910705106

Largent-Milnes, T. M., Brookshire, S. W., Skinner, D. P. Jr.,, Hanlon, K. E,,
Giuvelis, D., Yamamoto, T., et al. (2013). Building a better analgesic:
multifunctional compounds that address injury-induced pathology to enhance
analgesic efficacy while eliminating unwanted side effects. J. Pharmacol. Exp.
Ther. 347, 7-19. doi: 10.1124/jpet.113.205245

Law, P. Y., Wong, Y. H,, and Loh, H. H. (2000). Molecular mechanisms and
regulation of opioid receptor signaling. Annu. Rev. Pharmacol. Toxicol. 40,
389-430. doi: 10.1146/annurev.pharmtox.40.1.389

Lazenka, M. L., Moerke, M. J., Townsend, E. A., Freeman, K. B., Carroll, F. L,
and Negus, S. S. (2018). Dissociable effects of the kappa opioid receptor agonist
nalfurafine on pain/itch-stimulated and pain/itch-depressed behaviors in male
rats. Psychopharmacology 235, 203-213. doi: 10.1007/s00213-017-4758-7

Le, Guen S, Mas, Nieto M, Canestrelli, C., Chen, H., Fournié-Zaluski, M. C,,
Cupo, A., et al. (2003). Pain management by a new series of dual inhibitors
of enkephalin degrading enzymes: long lasting antinociceptive properties and
potentiation by CCK2 antagonist or methadone. Pain 104, 139-148. doi: 10.
1016/5S0304-3959(02)00486-4

Le Naour, M., Lunzer, M. M., Powers, M. D., Kalyuzhny, A. E., Benneyworth,
M. A, Thomas, M. ], et al. (2014). Putative kappa opioid heteromers as targets
for developing analgesics free of adverse effects. J. Med. Chem. 57, 6383-6392.
doi: 10.1021/jm500159d

Lenard, N. R,, Daniels, D. J., Portoghese, P. S., and Roerig, S. C. (2007). Absence of
conditioned place preference or reinstatement with bivalent ligands containing
w-opioid receptor agonist and 3-opioid receptor antagonist pharmacophores.
Eur. J. Pharmacol. 566, 75-82. doi: 10.1016/j.ejphar.2007.02.040

Li, Y., and van den Pol, A. N. (2008). Mu-opioid receptor-mediated depression of
the hypothalamic hypocretin/orexin arousal system. J. Neurosci. 28, 2814-2819.
doi: 10.1523/JNEUROSCI.5447-07.2008

Likar, R., Mousa, S. A., Philippitsch, G., Steinkellner, H., Koppert, W., Stein, C.,
et al. (2004). Increased numbers of opioid expressing inflammatory cells do
not affect intra-articular morphine analgesia. Br. J. Anaesth. 93, 375-380. doi:
10.1093/bja/aeh222

Likar, R., Mousa, S. A., Steinkellner, H., Koppert, W., Philippitsch, G., Stein, C,,
etal. (2007). Involvement of intra-articular corticotropin-releasing hormone in
postoperative pain modulation. Clin. J. Pain 23, 136-142. doi: 10.1097/01.ajp.
0000210954.93878.0d

Liu, J. G.,and Anand, K. J. (2001). Protein kinases modulate the cellular adaptations
associated with opioid tolerance and dependence. Brain Res. Brain Res. Rev. 38,
1-19. doi: 10.1016/S0165-0173(01)00057- 1

Lu, Z., Xu, J,, Xu, M., Rossi, G. C., Majumdar, S., Pasternak, G. W., et al.
(2018). Truncated p-opioid receptors with 6 transmembrane domains are
essential for opioid analgesia. Anesth. Analg. 126, 1050-1057. doi: 10.1213/
ANE.0000000000002538

Machelska, H., Brack, A., Mousa, S. A., Schopohl, J. K., Rittner, H. L., Schifer, M.,
et al. (2004). Selectins and integrins but not platelet-endothelial cell adhesion
molecule-1 regulate opioid inhibition of inflammatory pain. Br. J. Pharmacol.
142, 772-780. doi: 10.1038/sj.bjp.0705837

Machelska, H., Cabot, P. J., Mousa, S. A., Zhang, Q., and Stein, C. (1998). Pain
control in inflammation governed by selectins. Nat. Med. 4, 1425-1428. doi:
10.1038/4017

Machelska, H., Mousa, S. A., Brack, A., Schopohl, J. K., Rittner, H. L., Schafer, M.,
et al. (2002). Opioid control of inflammatory pain regulated by intercellular
adhesion molecule-1. J. Neurosci. 22, 5588-5596. doi: 10.1523/J]NEUROSCI.22-
13-05588.2002

Machelska, H., Pfliiger, M., Weber, W., Piranvisseh-V6lk, M., Daubert, J. D.,
Dehaven, R., et al. (1999). Peripheral effects of the kappa-opioid agonist EMD
61753 on pain and inflammation in rats and humans. J. Pharmacol. Exp. Ther.
290, 354-361.

Machelska, H., Schroff, M., Oswald, D., Binder, W., Sitte, N., Mousa, S. A., et al.
(2009). Peripheral non-viral MIDGE vector-driven delivery of beta-endorphin
in inflammatory pain. Mol. Pain 5:72. doi: 10.1186/1744-8069-5-7

Majumdar, S., Grinnell, S., Le Rouzic, V., Burgman, M., Polikar, L., Ansonoff, M.,
et al. (2011). Truncated G protein-coupled mu opioid receptor MOR-1 splice
variants are targets for highly potent opioid analgesics lacking side effects. Proc.
Natl. Acad. Sci. U.S.A. 108, 19778-19783. doi: 10.1073/pnas.1115231108

Mangel, A. W., Bornstein, J. D., Hamm, L. R,, Buda, J., Wang, J., Irish, W., et al.
(2008). Clinical trial: asimadoline in the treatment of patients with irritable
bowel syndrome. Aliment. Pharmacol. Ther. 28, 239-249. doi: 10.1111/j.1365-
2036.2008.03730.x

Mangel, A. W., and Hicks, G. A. (2012). Asimadoline and its potential for the
treatment of diarrhea-predominant irritable bowel syndrome: a review. Clin.
Exp. Gastroenterol. 5, 1-10. doi: 10.2147/CEG.S23274

Mangel, A. W., and Williams, V. S. (2010). Asimadoline in the treatment of irritable
bowel syndrome. Expert Opin. Investig. Drugs 19, 1257-1264. doi: 10.1517/
13543784.2010.515209

Manglik, A., Lin, H., Aryal, D. K., McCorvy, J. D., Dengler, D., Corder, G., et al.
(2016). Structure-based discovery of opioid analgesics with reduced side effects.
Nature 537, 185-190. doi: 10.1038/nature19112

Melief, E. J., Miyatake, M., Bruchas, M. R., and Chavkin, C. (2010). Ligand-directed
c-Jun N-terminal kinase activation disrupts opioid receptor signaling. Proc.
Natl. Acad. Sci. U.S.A. 107, 11608-11613. doi: 10.1073/pnas.1000751107

Mestek, A., Hurley, J. H., Bye, L. S., Campbell, A. D., Chen, Y., Tian, M.,
et al. (1995). The human mu opioid receptor: modulation of functional
desensitization by calcium/calmodulin-dependent protein kinase and protein
kinase C. J. Neurosci. 15, 2396-2406. doi: 10.1523/J]NEUROSCI.15-03-02396.
1995

Miyazaki, T., Choi, I. Y., Rubas, W., Anand, N. K., Ali, C,, Evans, J., et al. (2017).
NKTR-181: a novel mu-opioid analgesic with inherently low abuse potential.
J. Pharmacol. Exp. Ther. 363, 104-113. doi: 10.1124/jpet.117.243030

Mogil, J. S. (2009). Animal models of pain: progress and challenges. Nat. Rev.
Neurosci. 10, 283-294. doi: 10.1038/nrn2606

Frontiers in Pharmacology | www.frontiersin.org

November 2018 | Volume 9 | Article 1388


https://doi.org/10.1124/jpet.105.095810
https://doi.org/10.1021/bm0504882
https://doi.org/10.1016/S0304-3959(02)00019-2
https://doi.org/10.1111/j.1440-1681.1995.tb02324.x
https://doi.org/10.2174/138161210793563491
https://doi.org/10.1073/pnas.89.24.12048
https://doi.org/10.1371/journal.pbio.1000412
https://doi.org/10.1038/nrd4784
https://doi.org/10.1097/ALN.0000000000002063
https://doi.org/10.1097/ALN.0000000000002063
https://doi.org/10.1038/npp.2009.110
https://doi.org/10.1016/j.cellsig.2015.05.019
https://doi.org/10.1172/JCI36246
https://doi.org/10.1073/pnas.0910705106
https://doi.org/10.1124/jpet.113.205245
https://doi.org/10.1146/annurev.pharmtox.40.1.389
https://doi.org/10.1007/s00213-017-4758-7
https://doi.org/10.1016/S0304-3959(02)00486-4
https://doi.org/10.1016/S0304-3959(02)00486-4
https://doi.org/10.1021/jm500159d
https://doi.org/10.1016/j.ejphar.2007.02.040
https://doi.org/10.1523/JNEUROSCI.5447-07.2008
https://doi.org/10.1093/bja/aeh222
https://doi.org/10.1093/bja/aeh222
https://doi.org/10.1097/01.ajp.0000210954.93878.0d
https://doi.org/10.1097/01.ajp.0000210954.93878.0d
https://doi.org/10.1016/S0165-0173(01)00057-1
https://doi.org/10.1213/ANE.0000000000002538
https://doi.org/10.1213/ANE.0000000000002538
https://doi.org/10.1038/sj.bjp.0705837
https://doi.org/10.1038/4017
https://doi.org/10.1038/4017
https://doi.org/10.1523/JNEUROSCI.22-13-05588.2002
https://doi.org/10.1523/JNEUROSCI.22-13-05588.2002
https://doi.org/10.1186/1744-8069-5-7
https://doi.org/10.1073/pnas.1115231108
https://doi.org/10.1111/j.1365-2036.2008.03730.x
https://doi.org/10.1111/j.1365-2036.2008.03730.x
https://doi.org/10.2147/CEG.S23274
https://doi.org/10.1517/13543784.2010.515209
https://doi.org/10.1517/13543784.2010.515209
https://doi.org/10.1038/nature19112
https://doi.org/10.1073/pnas.1000751107
https://doi.org/10.1523/JNEUROSCI.15-03-02396.1995
https://doi.org/10.1523/JNEUROSCI.15-03-02396.1995
https://doi.org/10.1124/jpet.117.243030
https://doi.org/10.1038/nrn2606
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Machelska and Celik

New Opioids, Analgesia, Side Effects

Mogil, J. S., and Pasternak, G. W. (2001). The molecular and behavioral
pharmacology of the orphanin FQ/nociceptin peptide and receptor family.
Pharmacol. Rev. 53, 381-415.

Montandon, G., Ren, J., Victoria, N. C., Liu, H., Wickman, K., Greer, J. J.,
etal. (2016). G-protein-gated inwardly rectifying potassium channels modulate
respiratory depression by opioids. Anesthesiology 124, 641-650. doi: 10.1097/
ALN.0000000000000984

Mousa, S. A., Cheppudira, B. P., Shaqura, M., Fischer, O., Hofmann, J., Hellweg, R.,
et al. (2007). Nerve growth factor governs the enhanced ability of opioids to
suppress inflammatory pain. Brain 130, 502-513. doi: 10.1093/brain/awl330

Mousa, S. A., Shaqura, M. Al-Madol, M., Tafelski, S., Khalefa, B. I,
Shakibaei, M., et al. (2017). Accessibility of axonal G protein coupled mu-opioid
receptors requires conceptual changes of axonal membrane targeting for pain
modulation. J. Control. Release 268, 352-363. doi: 10.1016/j.jconrel.2017.10.016

Nehoff, H., Parayath, N. N., Domanovitch, L., Taurin, S., and Greish, K. (2014).
Nanomedicine for drug targeting: strategies beyond the enhanced permeability
and retention effect. Int ] Nanomed. 22, 2539-2555. doi: 10.2147/1JN.S47129

Nestler, E. J., and Aghajanian, G. K. (1997). Molecular and cellular basis of
addiction. Science 278, 58-63. doi: 10.1126/science.278.5335.58

Noble, F., and Roques, B. P. (2007). Protection of endogenous enkephalin
catabolism as natural approach to novel analgesic and antidepressant drugs.
Expert Opin. Ther. Targets 11, 145-159. doi: 10.1517/14728222.11.2.145

Novak, S. P., Hékansson, A., Martinez-Raga, J., Reimer, J., Krotki, K., and
Varughese, S. (2016). Nonmedical use of prescription drugs in the European
Union. BMC Psychiatry 16:274. doi: 10.1186/s12888-016-0909-3

Ocania, M., Cendén, C. M., Cobos, E. ], Entrena, J. M., and Baeyens, J. M. (2004).
Potassium channels and pain: present realities and future opportunities. Eur. J.
Pharmacol. 500, 203-219. doi: 10.1016/j.ejphar.2004.07.026

Pasternak, G. W., and Pan, Y. X. (2013). Mu opioids and their receptors: evolution
of a concept. Pharmacol. Rev. 65, 1257-1317. doi: 10.1124/pr.112.007138

Pattinson, K. T. (2008). Opioids and the control of respiration. Br. J. Anaesth. 100,
747-758. doi: 10.1093/bja/aen094

Peterson, C. D, Kitto, K. F., Akgiin, E., Lunzer, M. M., Riedl, M. S., Vulchanova, L.,
et al. (2017). Bivalent ligand that activates mu opioid receptor and antagonizes
mGluR5 receptor reduces neuropathic pain in mice. Pain 158, 2431-2441.
doi: 10.1097/.pain.0000000000001050

Porreca, F., and Ossipov, M. H. (2009). Nausea and vomiting side effects with
opioid analgesics during treatment of chronic pain: mechanisms, implications,
and management options. Pain. Med. 10, 654-662. doi: 10.1111/j.1526-4637.
2009.00583.x

Raehal, K. M., and Bohn, L. M. (2011). The role of beta-arrestin2 in the severity of
antinociceptive tolerance and physical dependence induced by different opioid
pain therapeutics. Neuropharmacology 60, 58-65. doi: 10.1016/j.neuropharm.
2010.08.003

Raehal, K. M., Walker, J. K., and Bohn, L. M. (2005). Morphine side effects in
betaarrestin 2 knockout mice. J. Pharmacol. Exp. Ther. 314, 1195-1201. doi:
10.1124/jpet.105.087254

Reiter, E., Ahn, S., Shukla, A. K, and Lefkowitz, R. J. (2012). Molecular
mechanism of B-arrestin-biased agonism at seven-transmembrane receptors.
Annu. Rev. Pharmacol. Toxicol. 52, 179-197. doi: 10.1146/annurev.pharmtox.
010909.105800

Remesic, M., Hruby, V.., Porreca, F., and Lee, Y. S. (2017). Recent advances in the
realm of allosteric modulators for opioid receptors for future therapeutics. ACS
Chem. Neurosci. 8, 1147-1158. doi: 10.1021/acschemneuro.7b00090

Rittner, H. L., Brack, A., Machelska, H., Mousa, S. A., Bauer, M., Schifer, M., et al.
(2001). Opioid peptide-expressing leukocytes: identification, recruitment, and
simultaneously increasing inhibition of inflammatory pain. Anesthesiology 95,
500-508. doi: 10.1097/00000542-200108000-00036

Riviére, P. J. (2004). Peripheral kappa-opioid agonists for visceral pain. Br. J.
Pharmacol. 141, 1331-1334. doi: 10.1038/sj.bjp.0705763

Rodriguez-Gaztelumendi, A., Spahn, V., Labuz, D., Machelska, H., and Stein, C.
(2018). Analgesic effects of a novel pH-dependent j1-opioid receptor agonist in
models of neuropathic and abdominal pain. Pain 159, 2277-2284. doi: 10.1097/
j-pain.0000000000001328

Roeckel, L. A., Utard, V., Reiss, D., Mouheiche, J., Maurin, H., Robé, A., et al.
(2017). Morphine-induced hyperalgesia involves mu opioid receptors and the
metabolite morphine-3-glucuronide. Sci. Rep. 7:10406. doi: 10.1038/s41598-
017-11120-4

Roques, B. P., Fournie-Zaluski, M. C., and Wurm, M. (2012). Inhibiting the
breakdown of endogenous opioids and cannabinoids to alleviate pain. Nat. Rev.
Drug Discov. 11, 292-310. doi: 10.1038/nrd3673

Salwan, A. J., Hagemeier, N. E., and Harirforoosh, S. (2018). Abuse-deterrent
opioid formulations: a key ingredient in the recipe to prevent opioid disasters?
Clin. Drug Investig. 38, 573-577. doi: 10.1007/s40261-018-0651-3

Samoshkin, A., Convertino, M., Viet, C. T., Wieskopf, J. S., Kambur, O.,
Marcovitz, J., et al. (2015). Structural and functional interactions between six-
transmembrane p-opioid receptors and p2-adrenoreceptors modulate opioid
signaling. Sci. Rep. 5:18198. doi: 10.1038/srep18198

Sawynok, J., and Liu, J. (2014). Contributions of peripheral, spinal, and supraspinal
actions to analgesia. Eur. J. Pharmacol. 734, 114-121. doi: 10.1016/j.ejphar.2014.
04.006

Scascighini, L., Toma, V. Dober-Spielmann, S., and Sprott, H. (2008).
Multidisciplinary treatment for chronic pain: a systematic review of
interventions and outcomes. Rheumatology 47, 670-678. doi: 10.1093/
rheumatology/ken021

Schattauer, S. S., Kuhar, J. R,, Song, A., and Chavkin, C. (2017). Nalfurafine is a
G-protein biased agonist having significantly greater bias at the human than
rodent form of the kappa opioid receptor. Cell. Signal. 32, 59-65. doi: 10.1016/
j.cellsig.2017.01.016

Schmid, C. L., Kennedy, N. M., Ross, N. C., Lovell, K. M., Yue, Z., Morgenweck, J.,
etal. (2017). Bias factor and therapeutic window correlate to predict safer opioid
analgesics. Cell 171, 1165-1175. doi: 10.1016/j.cell.2017.10.035

Schreiter, A., Gore, C., Labuz, D., Fournie-Zaluski, M. C., Roques, B. P., Stein, C.,
et al. (2012). Pain inhibition by blocking leukocytic and neuronal opioid
peptidases in peripheral inflamed tissue. FASEB J. 26, 5161-5171. doi: 10.1096/
fj.12-208678

Sesefia, E., Vega, R., and Soto, E. (2014). Activation of p-opioid receptors inhibits
calcium-currents in the vestibular afferent neurons of the rat through a cAMP
dependent mechanism. Front. Cell. Neurosci. 8:90. doi: 10.3389/fncel.2014.
00090

Simonato, M., Bennett, J., Boulis, N. M., Castro, M. G., Fink, D. J., Goins, W. F.,
et al. (2013). Progress in gene therapy for neurological disorders. Nat. Rev.
Neurol. 9, 277-291. doi: 10.1038/nrneurol.2013.56

Simonin, F., Gavériaux-Ruff, C., Befort, K., Matthes, H., Lannes, B., Micheletti, G.,
et al. (1995). kappa-Opioid receptor in humans: ¢cDNA and genomic
cloning, chromosomal assignment, functional expression, pharmacology, and
expression pattern in the central nervous system. Proc. Natl. Acad. Sci. U.S.A.
92, 7006-7010. doi: 10.1073/pnas.92.15.7006

Singla, N., Minkowitz, H. S., Soergel, D. G., Burt, D. A, Subach, R. A,
Salamea, M. Y., et al. (2017). A randomized, Phase IIb study investigating
oliceridine (TRV130), a novel jL-receptor G-protein pathway selective (j1-GPS)
modulator, for the management of moderate to severe acute pain following
abdominoplasty. J. Pain Res. 10, 2413-2424. doi: 10.2147/JPR.S137952

Siuda, E. R, Carr, R. III, Rominger, D. H., and Violin, J. D. (2017). Biased mu-
opioid receptor ligands: a promising new generation of pain therapeutics. Curr.
Opin. Pharmacol. 32, 77-84. doi: 10.1016/j.coph.2016.11.007

Snyder, L. M., Chiang, M. C., Loeza-Alcocer, E., Omori, Y., Hachisuka, J., Sheahan,
T. D, et al. (2018). Kappa opioid receptor distribution and function in primary
afferents. Neuron 99, 1274.e6-1288.e6. doi: 10.1016/j.neuron.2018.08.044

Soergel, D. G., Subach, R. A,, Burnham, N., Lark, M. W, James, L. E., Sadler, B. M.,
et al. (2014). Biased agonism of the j-opioid receptor by TRV130 increases
analgesia and reduces on-target adverse effects versus morphine: a randomized,
double-blind, placebo-controlled, crossover study in healthy volunteers. Pain
155, 1829-1835. doi: 10.1016/j.pain.2014.06.011

Sondergaard, K. B., and Gislason, G. (2017). NSAIDs and cardiac arrest: non-
steroidal anti-inflammatory drug use is associated with increased risk of out-
of-hospital cardiac arrest: a nationwide case-time-control study. Eur. Heart J.
38, 1788-1789. doi: 10.1093/eurheartj/ehx267

Spahn, V., Del Vecchio, G., Labuz, D., Rodriguez-Gaztelumendi, A., Massaly, N.,
Temp, J., et al. (2017). A nontoxic pain killer designed by modeling of
pathological receptor conformations. Science 355, 966-969. doi: 10.1126/
science.aai8636

Spahn, V., Del Vecchio, G., Rodriguez-Gaztelumendi, A., Temp, J., Labuz, D.,
Kloner, M., et al. (2018). Opioid receptor signaling, analgesic and side effects
induced by a computationally designed pH-dependent agonist. Sci. Rep. 8:8965.
doi: 10.1038/s41598-018-27313-4

Frontiers in Pharmacology | www.frontiersin.org

November 2018 | Volume 9 | Article 1388


https://doi.org/10.1097/ALN.0000000000000984
https://doi.org/10.1097/ALN.0000000000000984
https://doi.org/10.1093/brain/awl330
https://doi.org/10.1016/j.jconrel.2017.10.016
https://doi.org/10.2147/IJN.S47129
https://doi.org/10.1126/science.278.5335.58
https://doi.org/10.1517/14728222.11.2.145
https://doi.org/10.1186/s12888-016-0909-3
https://doi.org/10.1016/j.ejphar.2004.07.026
https://doi.org/10.1124/pr.112.007138
https://doi.org/10.1093/bja/aen094
https://doi.org/10.1097/j.pain.0000000000001050
https://doi.org/10.1111/j.1526-4637.2009.00583.x
https://doi.org/10.1111/j.1526-4637.2009.00583.x
https://doi.org/10.1016/j.neuropharm.2010.08.003
https://doi.org/10.1016/j.neuropharm.2010.08.003
https://doi.org/10.1124/jpet.105.087254
https://doi.org/10.1124/jpet.105.087254
https://doi.org/10.1146/annurev.pharmtox.010909.105800
https://doi.org/10.1146/annurev.pharmtox.010909.105800
https://doi.org/10.1021/acschemneuro.7b00090
https://doi.org/10.1097/00000542-200108000-00036
https://doi.org/10.1038/sj.bjp.0705763
https://doi.org/10.1097/j.pain.0000000000001328
https://doi.org/10.1097/j.pain.0000000000001328
https://doi.org/10.1038/s41598-017-11120-4
https://doi.org/10.1038/s41598-017-11120-4
https://doi.org/10.1038/nrd3673
https://doi.org/10.1007/s40261-018-0651-3
https://doi.org/10.1038/srep18198
https://doi.org/10.1016/j.ejphar.2014.04.006
https://doi.org/10.1016/j.ejphar.2014.04.006
https://doi.org/10.1093/rheumatology/ken021
https://doi.org/10.1093/rheumatology/ken021
https://doi.org/10.1016/j.cellsig.2017.01.016
https://doi.org/10.1016/j.cellsig.2017.01.016
https://doi.org/10.1016/j.cell.2017.10.035
https://doi.org/10.1096/fj.12-208678
https://doi.org/10.1096/fj.12-208678
https://doi.org/10.3389/fncel.2014.00090
https://doi.org/10.3389/fncel.2014.00090
https://doi.org/10.1038/nrneurol.2013.56
https://doi.org/10.1073/pnas.92.15.7006
https://doi.org/10.2147/JPR.S137952
https://doi.org/10.1016/j.coph.2016.11.007
https://doi.org/10.1016/j.neuron.2018.08.044
https://doi.org/10.1016/j.pain.2014.06.011
https://doi.org/10.1093/eurheartj/ehx267
https://doi.org/10.1126/science.aai8636
https://doi.org/10.1126/science.aai8636
https://doi.org/10.1038/s41598-018-27313-4
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

Machelska and Celik

New Opioids, Analgesia, Side Effects

Starnowska, J., Costante, R., Guillemyn, K., Popiolek-Barczyk, K., Chung, N. N,,
Lemieux, C., et al. (2017). Analgesic properties of opioid/nkl multitarget
ligands with distinct in vitro profiles in naive and chronic constriction injury
mice. ACS Chem. Neurosci. 8, 2315-2324. doi: 10.1021/acschemneuro.7b00226

Stein, C. (2016). Opioid receptors. Annu. Rev. Med. 67, 433-451. doi: 10.1146/
annurev-med-062613-093100

Stein, C., Hassan, A. H., Lehrberger, K., Giefing, J., and Yassouridis, A. (1993).
Local analgesic effect of endogenous opioid peptides. Lancet 342, 321-324.
doi: 10.1016/0140-6736(93)91471-W

Stein, C., Hassan, A. H., Przewlocki, R., Gramsch, C., Peter, K., and Herz, A. (1990).
Opioids from immunocytes interact with receptors on sensory nerves to inhibit
nociception in inflammation. Proc. Natl. Acad. Sci. U.S.A. 87, 5935-5939. doi:
10.1073/pnas.87.15.5935

Stein, C., and Jagla, C. (2014). Methylnaltrexone and opioid analgesia. Pain 155,
2722-2723. doi: 10.1016/j.pain.2014.09.008

Stein, C., and Kopf, A. (2009). “Anesthesia and treatment for chronic pain,” in
Miller’s Anesthesia. 17th Edn, ed. R. D. Miller (Philadelphia, PA: Elsevier),
1797-1818.

Stein, C., and Machelska, H. (2011). Modulation of peripheral sensory neurons
by the immune system: implications for pain therapy. Pharmacol. Rev. 63,
860-881. doi: 10.1124/pr.110.003145

Stein, C., Pfliiger, M., Yassouridis, A., Hoelzl, J., Lehrberger, K., Welte, C., et al.
(1996). No tolerance to peripheral morphine analgesia in presence of opioid
expression in inflamed synovia. J. Clin. Invest. 98, 793-799. doi: 10.1172/
JCI118852

Stein, C., Schifer, M., and Machelska, H. (2003). Attacking pain at its source: new
perspectives on opioids. Nat. Med. 9, 1003-1008. doi: 10.1038/nm908

Throckmorton, D. C., Gottlieb, S., and Woodcock, J. (2018). The FDA and the
next wave of drug abuse - proactive pharmacovigilance. N. Engl. J. Med. 379,
205-207. doi: 10.1056/NEJMp1806486

Toll, L., Bruchas, M. R., Calo, G., Cox, B. M., and Zaveri, N. T. (2016).
Nociceptin/orphanin FQ receptor structure, signaling, ligands, functions, and
interactions with opioid systems. Pharmacol. Rev. 68, 419-457. doi: 10.1124/pr.
114.009209

Viradi, A., Marrone, G. F., Palmer, T. C., Narayan, A., Szabo, M. R,, Le Rouzic, V.,
et al. (2016). Mitragynine/corynantheidine pseudoindoxyls as opioid analgesics
with mu agonism and delta antagonism, which do not recruit B-arrestin-2.
J. Med. Chem. 59, 8381-8397. doi: 10.1021/acs.jmedchem.6b00748

Vetter, I, Wyse, B. D., Monteith, G. R., Roberts-Thomson, S. J., and Cabot, P. J.
(2006). The mu opioid agonist morphine modulates potentiation of capsaicin-
evoked TRPV1 responses through a cyclic AMP-dependent protein kinase A
pathway. Mol. Pain 2:22.

Vicente-Sanchez, A., and Pradhan, A. A. (2017). Ligand-directed signaling at the
delta opioid receptor. Handb. Exp. Pharmacol. [Epub ahead of print]. doi:
10.1007/164_2017_39

Viscusi, E. R., Webster, L., Kuss, M., Daniels, S., Bolognese, J. A., Zuckerman, S.,
etal. (2016). A randomized, phase 2 study investigating TRV130, a biased ligand
of the p-opioid receptor, for the intravenous treatment of acute pain. Pain 157,
264-272. doi: 10.1097/j.pain.0000000000000363

Volkow, N., Benveniste, H., and McLellan, A. T. (2018). Use and misuse of opioids
in chronic pain. Annu. Rev. Med. 69, 451-465. doi: 10.1146/annurev-med-
011817-044739

Waldhoer, M., Bartlett, S. E., and Whistler, J. L. (2004). Opioid receptors.
Annu. Rev. Biochem. 73, 953-990. doi: 10.1146/annurev.biochem.73.011303.07
3940

Walker, J. S., Catheline, G., Guilbaud, G., and Kayser, V. (1999). Lack of
cross-tolerance between the antinociceptive effects of systemic morphine and
asimadoline, a peripherally selective Kk-opioid agonist, in CCI-neuropathic rats.
Pain 83, 509-516. doi: 10.1016/S0304-3959(99)00158-X

Wang, D., Tawfik, V. L., Corder, G., Low, S. A., Frangois, A., Basbaum, A. I, et al.
(2018). Functional divergence of delta and mu opioid receptor organization in
CNS pain circuits. Neuron 98, 90-108. doi: 10.1016/j.neuron.2018.03.002

Webster, L., Henningfield, J., Buchhalter, A. R,, Siddhanti, S., Lu, L., Odinecs, A.,
et al. (2018). Human abuse potential of the new opioid analgesic molecule
NKTR-181 compared with oxycodone. Pain Med. 19, 307-318. doi: 10.1093/
pm/pnw344

Weibel, R., Reiss, D., Karchewski, L., Gardon, O., Matifas, A., Filliol, D., et al.
(2013). Mu opioid receptors on primary afferent navl.8 neurons contribute to
opiate-induced analgesia: insight from conditional knockout mice. PLoS One
8:¢74706. doi: 10.1371/journal.pone.0074706

Welsch, P., Useyler, N., Klose, P., Walitt, B., and Hauser, W. (2018). Serotonin
and noradrenaline reuptake inhibitors (SNRIs) for fibromyalgia. Cochrane
Database. Syst. Rev. 2:CD010292. doi: 10.1002/14651858.CD010292.pub2

White, K. L., Robinson, J. E., Zhu, H., DiBerto, J. F., Polepally, P. R., Zjawiony,
J. K., et al. (2015). The G protein-biased k-opioid receptor agonist RB-64 is
analgesic with a unique spectrum of activities in vivo. J. Pharmacol. Exp. Ther.
352, 98-109. doi: 10.1124/jpet.114.216820

Wieskopf, J. S., Pan, Y. X., Marcovitz, J., Tuttle, A. H., Majumdar, S., Pidakala, J.,
et al. (2014). Broad-spectrum analgesic efficacy of IBNtxA is mediated by
exon l1-associated splice variants of the mu-opioid receptor gene. Pain 155,
2063-2070. doi: 10.1016/j.pain.2014.07.014

Wolfe, D., Mata, M., and Fink, D. J. (2009). A human trial of HSV-mediated
gene transfer for the treatment of chronic pain. Gene Ther. 16, 455-460. doi:
10.1038/gt.2009.17

Yaksh, T. L. (1997). Pharmacology and mechanisms of opioid analgesic activity.
Acta Anaesthesiol. Scand. 41, 94-111. doi: 10.1111/§.1399-6576.1997.tb04623.x

Yekkirala, A. S., Lunzer, M. M., McCurdy, C. R., Powers, M. D., Kalyuzhny, A. E.,
Roerig, S. C,, et al. (2011). N-naphthoyl-beta-naltrexamine (NNTA), a highly
selective and potent activator of j1/kappa-opioid heteromers. Proc. Natl. Acad.
Sci. U.S.A. 108, 5098-5103. doi: 10.1073/pnas.1016277108

Yudin, Y., and Rohacs, T. (2018). Inhibitory Gi/O-coupled receptors in
somatosensory neurons: potential therapeutic targets for novel analgesics. Mol.
Pain 14:1744806918763646. doi: 10.1177/1744806918763646

Zadina, J. E., HacKler, L., Ge, L. J., and Kastin, A. J. (1997). A potent and selective
endogenous agonist for the mu-opiate receptor. Nature 386, 499-502. doi:
10.1038/386499a0

Zadina, J. E., Nilges, M. R., Morgenweck, J., Zhang, X., Hackler, L., and Fasold,
M. B. (2016). Endomorphin analog analgesics with reduced abuse liability,
respiratory depression, motor impairment, tolerance, and glial activation
relative to morphine. Neuropharmacology 105, 215-227. doi: 10.1016/j.
neuropharm.2015.12.024

Zeng, C., Gao, S. G., Cheng, L., Luo, W,, Li, Y. S., Tu, M, et al. (2013). Single-
dose intra-articular morphine after arthroscopic knee surgery: a meta-analysis
of randomized placebo-controlled studies. Arthroscopy 29, 1450-1458. doi: 10.
1016/j.arthro.2013.04.005

Zollner, C., Mousa, S. A., Fischer, O., Rittner, H. L., Shaqura, M., Brack, A., et al.
(2008). Chronic morphine use does not induce peripheral tolerance in a rat
model of inflammatory pain. J. Clin. Invest. 118, 1065-1073. doi: 10.1172/
JCI25911

Zollner, C., Shaqura, M. A., Bopaiah, C. P., Mousa, S., Stein, C., and Schafer, M.
(2003). Painful inflammation-induced increase in mu-opioid receptor binding
and G-protein coupling in primary afferent neurons. Mol. Pharmacol. 64,
202-210. doi: 10.1124/mol.64.2.202

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2018 Machelska and Celik. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Pharmacology | www.frontiersin.org

November 2018 | Volume 9 | Article 1388


https://doi.org/10.1021/acschemneuro.7b00226
https://doi.org/10.1146/annurev-med-062613-093100
https://doi.org/10.1146/annurev-med-062613-093100
https://doi.org/10.1016/0140-6736(93)91471-W
https://doi.org/10.1073/pnas.87.15.5935
https://doi.org/10.1073/pnas.87.15.5935
https://doi.org/10.1016/j.pain.2014.09.008
https://doi.org/10.1124/pr.110.003145
https://doi.org/10.1172/JCI118852
https://doi.org/10.1172/JCI118852
https://doi.org/10.1038/nm908
https://doi.org/10.1056/NEJMp1806486
https://doi.org/10.1124/pr.114.009209
https://doi.org/10.1124/pr.114.009209
https://doi.org/10.1021/acs.jmedchem.6b00748
https://doi.org/10.1007/164_2017_39
https://doi.org/10.1007/164_2017_39
https://doi.org/10.1097/j.pain.0000000000000363
https://doi.org/10.1146/annurev-med-011817-044739
https://doi.org/10.1146/annurev-med-011817-044739
https://doi.org/10.1146/annurev.biochem.73.011303.073940
https://doi.org/10.1146/annurev.biochem.73.011303.073940
https://doi.org/10.1016/S0304-3959(99)00158-X
https://doi.org/10.1016/j.neuron.2018.03.002
https://doi.org/10.1093/pm/pnw344
https://doi.org/10.1093/pm/pnw344
https://doi.org/10.1371/journal.pone.0074706
https://doi.org/10.1002/14651858.CD010292.pub2
https://doi.org/10.1124/jpet.114.216820
https://doi.org/10.1016/j.pain.2014.07.014
https://doi.org/10.1038/gt.2009.17
https://doi.org/10.1038/gt.2009.17
https://doi.org/10.1111/j.1399-6576.1997.tb04623.x
https://doi.org/10.1073/pnas.1016277108
https://doi.org/10.1177/1744806918763646
https://doi.org/10.1038/386499a0
https://doi.org/10.1038/386499a0
https://doi.org/10.1016/j.neuropharm.2015.12.024
https://doi.org/10.1016/j.neuropharm.2015.12.024
https://doi.org/10.1016/j.arthro.2013.04.005
https://doi.org/10.1016/j.arthro.2013.04.005
https://doi.org/10.1172/JCI25911
https://doi.org/10.1172/JCI25911
https://doi.org/10.1124/mol.64.2.202
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/pharmacology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/pharmacology#articles

	Advances in Achieving Opioid Analgesia Without Side Effects
	Introduction
	Targeting Opioid Receptors in Painful Tissue
	The Rationale
	Reducing Opioid Access to the CNS
	Nanocarrier-Based Approaches
	Painful Tissue-Specific Opioid Receptor Activation

	Biased Agonism
	Background
	μ-Receptor Biased Ligands
	κ-Receptor Biased Ligands

	Heteromers, Bivalent and Multifunctional Ligands
	μ-Receptor Splice Variants
	Targeting Endogenous Opioid Peptides
	Enkephalinase Inhibitors
	Gene Therapy

	Other Approaches
	Abuse-Deterrent Opioid Formulations
	Agonists With Low Rate CNS Entry
	Endomorphin Analogs
	Allosteric Modulators

	Conclusion
	Author Contributions
	Funding
	References


